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SUMMARY

An experbentalinvestigationwasmadeoftheheat-losscharacter-
isticsofheatedfinewiressuitableforuseas anemometersinturbulence
research.SpeedsrangedfromlowsubsonictoMachnumber1.9. Density
ud temperatureloadingwerevariedoverwidelimits,andwirediameters
rangedfromO.~~ toO.001~inch.Theeffectsofeachoftheseveral
variablesontheheat-losscharacteristicsofbothnormallyorientedand
sweptwiresweremeasured.Thecharacteristicswerefoundto dependon
Reynoldsnumber,Machnumber,temperatureloading,andtheratioofwire
diametertothemolecularmesmfreepathoftheair. Dependenceonthe
lastcausedmarkeddeparturesfromKing’slaw,evenat lowspeeds.Mach
numbereffectswerefoundtobe largerinthesubsonicthaninthesuper-
sonicrange.Temperature-loadingeffectswerefoundto causelargesensi-
tivitydifferencesbetweencons-hint-temperatureandconstant-current
operation.Possibleapplicationsoftheseinstruments,utilizingthe
displayedcharacteristicstomeasurethecontributionsofeachofthe
variousfluctuatingquantitiescontributingtoturbulencein compressible
flow,arediscussed.

INTROIXK!TION

Recentapplicationsofhot-wireanemometersatsupersonicspeeds
haveshownthatthehot-wirepromisestobe a usefultoolathighspeeds
aswellasat lowspeeds.Itistooearlytopredictwhetherthehot-
wireinthehandsofa competentexperimenterwillcontributethesame
informationaboutturbulenceinhigh-speedflowas ithasatlowspeeds.
Thereis,ofcourse,anurgentneedforsuchinformation,especially
sincethephenomenaassociatedwithturbulenceareconsiderablymore
complicatedin compressibleflowthantheyareatlowspeeds.

i, At lowspeedsvelocityfluctuationsandtheircharacteristicsare
* alonesufficientto defineturbulence.At highspeeds,by tirtueof the
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factthatcampressibiiitycamotbe neglected,densitiesandtemperatures-.
fluctuatealongwiththevelocity.Jnhigh-speedwindtunnelslarge I
amountsofpowerareexpended,andtemperaturefluctuationsmaybe dis-
proportionatelyhigh.These,whilenotuniquelyrelatedtoturbulence, z.
=e associatedphenomenacontributingtotheccmposite’effectoffluctua-
tionson aero-c yhenmwna,suchastransitionin boundsrylayers.
Becauseofthesefactorsmuchmoreisdemandedofthetit-wireathigh
speedsthanatlowspeeds.

Thehot-wireproducesa signalinresponseto fluctuationsonlyin
proportionto itstemperaturechange.Thisinturnrestson itsthermal
capacityandchangesinitsrateofcoolingwhenitisemployedasan
anemometer.In ordertorespondto thehighfrequenciesassociatedwith
turbulentfluctuationsthethermalcapacitymustbe exceedinglylow,and
wiredismetersmustthereforebe small.Infact,oneofthemajorprob-
lemsishowtomakeandoperatean instrumentwiththefinestpossible
wire.

!l%epurposeofthepresentinvestigationwastomakeknowntheheat-
10SScharacteristicsoffinewiresoverthewidestpossiblerangeof
variables.TheequipmentavailablepemnittedtheMachnumbertobe varied .
fromO.0~to1.9,thefree-streampressuretobe variedfrom1/6atmosphere
to ~ atmospheres,andthestagnationtemperaturetobe variedfrom80°
to140°F. Wirediametersrangedfrom0.000@toO.001~inch.Mostof
thewireswererunwiththeiraxesperpendiculartothewind. A fewwere
runatvariousanglesofinclinationinordertofindtheeffectof “sweep”*

—

onheat-losscharacteristics.Whiletheseconditionsdonotcoverallthat ?’
arelikelytobemetinpractice,theyatleastfillinthepreviously
existinggapbetweenthesubsonicandsupersonicregimes. J-

.

A thoroughcoverageofthetransonicregime,togetherwithsomeover-
lapwithpreviousresults,hasbeenmadeto closethewidegapexisting
betweentheweLL-knownlow-speedcharacteristicsandcertainsupersonic
characteristicsrecentlyfoundby Kov&3znayand~dmarck(ref.1)and
Lowell(ref.2). A systematicinvestigationofdensityeffectsapart
fromvelocityeffectswasconductedinviewofthefactthatthemass-
flowdependencegivenby Hng’s law(ref.3)appearsnottohavebeen
checked,evenatlowspeeds.Thismattertakeson specialsignificance
athighspeedswheredensitysndvelocityfluctuationsmaycoexist.It
isalsoa factorina calibrationprocedureintroducedearlyintohot-
wireworkat supersonicspeeds.h thefirstattemptby theNational
BureauofStandardstomeasureturbulenceatsupersonicspeedsconducted
by SchubauersndKlebanoffin1946intheAberdeenBombTunnel,wires
werecalibratedby-varyingonlythedensityoftheair. Thesamepro-_ 4
cedurewasrepeatedby thesameinvestigatorsin1947whenmoredetailed ~-
measurementswereattemptedatMachnuniber1.9inthe9-inchsupersonic
tunneloftheNational.AdvisoryCcmmitteeforAeronauticsatLangley #

k
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Field.Theseresultswerenotpublishedbecsuseofthelackof informa-

“’;
tiononheat-losscharacteristicsneededto interprettheobse~ations.
Thisesrlyworkdid,however,demonstratethatthehot-wirehsdpossi-

% bilitiesandemphasizedthedesirabilityof suchdetailedstudiesas
. havesincebeencsrriedoutheresndinotherlaboratories.

ThisinvestigationwasconductedatNBSunderthesponsorshipand
withthefinancialassistanceoftheNACA. Theauthorwishesto acbowl-
edgetheactiveguidancesndassistancegivenby Dr.G.B. Schubauer
throughoutthisinvestigation.Acknowledgmentis alsoextendedto Messrs.
J. E. KellyandK. Tidstromwhoassistedincsrryingouttheexperimental
progrsmanddidmch ofthedetailedprocessingofdata.
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Nusseltnuuiber

Nusseltnumberasmeasuredwithoutwireend-losscorrections

Nusseltnumberwithwireend-losscorrectionsapplied

Prandtl.number

Reynoldsnumber

first-orderresistivitycoefficient,

second-orderresistivitycoefficient

ratioof specificheats

difference

anglemeasuredframstresm.axis,deg

molecularmesmfreepath,cm

viscosity,poises

density,gm/cm3

— —

[

at0°C!

varioustemperatureloadings

averageormeancondition;inparticular,averagebetween
free-streamtemperatureandthatbehinda normalshock

measuredvaluewithoutcorrectionforendlosses

recovery,referstotemperatureindicatedby unheated
wireimmersedinfreestresm

stagnation

wire

computed

basedon

conditionbehindnormal

infinitelylongwire

.

.——

—

shock

Ifno subscript,free-stresmconditions.
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. TESTAPPARATUSANDCALIBRATIONS

i
.

Thetunnelusedforthesetestsis showndiagrammaticallyinfigure1
andby thephotographof thetestsectionwithwireprobeinplacein
figure2. Thetunnelisofthecontinuouslyoperating,variable-density
type,witha 3-by h-inchtestsection.Thecompressorisdriventhrough
step-upgearingwitha @O-horsepowerinductionmotor.Thestagnation. .
pressuremaybe variedfrom~ atmosphereto2*

3
stagnationtemperaturecanbe regulatedatall
fromabout80°tol~” F.

Theparticularnozzleblocksusedforthe
designedfor M = 1.99,sndparallelblocksof

atmospheres,andthe

speedsandpressures

supersonicdatawere
shorttestsectionto

stabilizetheflowne~ sonicspeed(spreads~ghtlyto compensatefor
boundary-layergrowth)wereusedformostofthesubsonicdata. Sane
subsonicdatawere,however,runin thethroatof thesupersonicnozzle
blocks..

Thesubsonicspeedswereobtainedby a combinationofthrottling
@bypassing theentiretunnel.Thesespeedsweresetbymeansof a
referencepressuretakenfrcma walJorifice.Thesepressurereadings
wererelatedto thestaticpressuresatthewirepositionby direct
calibration,usinga static-pressuretubewitha sharpconicaltip.

.; Differentsupersonicspeedswereobtainedby usingvariousstationson
thetunnelaxisintheexpandingsectionbetweenthethroatandmsxlmum

4 sectionofthesupersonicnozzle.TheMachnuuibersatthevarioussta-
. tionswerepredeterminedwiththeaidof thespecialconical-tipped

static-pressureprobe”showninfigure3.

ThectibrationsshowedthattheMachnumbervariationalongthe
stresmcenterlinewasa functionofthefree-streamdensity.i!hiswas
apparentlycausedby a shiftoftheeffectivethroatlocationasthe
boundary-layerthicknesscbangedwithdensity.Separatecalibrations
werethereforemadeforeachfree-streamdensity.Theaxialcalibration
ofthesupersonicnozzleblocksfora free-streamdensityof0.0006gram
percubiccentimeteris showninfigure4.

Thewireswererunintheblocksdesignedfor M = 1.99 to a speed
ofonly M = 1.90 becausea shockwaveofig~t~ on the nozzlewal.h
causeda disturbanceataboutM = 1.92,resultingina slightdiscon-
tinuityintheaxialMachnumberdistribution.Theconditionoftheflow?. intheexpandingsectionofthenozzlewherethemeasurementsweremade

P isshownintheschlierenphotographoftheflowinthetestsectionwith
thewireprobeinplace(fig.5)..

*
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ExperimentalRequirements . .-

King’s formula,whichformanyyearshasbeenusedto expressthe 1=
forcedconvectiveheatlossfromfinewires withaxesnormsltothewind, ~

●

isusuallywrittenintheform .

(1)

where a and b areconstantswhichareusuallydeterminedby experi-
ment. @ termsof electricalquantities,

and

AT=E -.
Roa

At lowspeedswhere V isusuallytheonlyindependentv~iable,it is
customary,fora particularinstrument,toqress relation(1)inthe
fo~~$ a$inearcalibrationcurveobtainedby plottingi2R/!

.

Whentherearemorevariablesinvolved,itisdesirabletoexpress
relation(1)inthefollowingnondimensionalform

A’a+m
(2) ;.

A
or,intermsofthesymbolsfordimehsio?.ilessqusutities, . .

Nu=a+b@~ (3)

Theformofequation(3)su&geststhatNusseltnuniberdependsonly
onReynoldsnumberandPrandtlnumber.However,incompressibleflow—
Machnumbermustti recognizedasaziadditional”
morecompleteexpression,writteninfunctional

Nu = f (Re,Pr,M)

flowparameter.Hencea —
form,is

(4)

Relation(4)includesalloftheMmensionlessparametersthatmay
be anticipated-inadvanceandaroundwhichanexperimentalprogrsmwould ~
beplannedintheabsenceofadditionalinformation.Itwasknownfrom —

theworkofKov&znayandT&msrck(ref.1)thatiH isnotexactly “9“-
proportionalta AT. Inotherwords,thereexistswhathascometo.be —

P
&
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●

knownasa “tenq?erattie-loadingeffeet.” Thusthereisa AT parsmeter,
usuallyexpressedas AT/Ts,inadditiontothoseinrelation(k),
requiringsomeattention.

.

Withregardtathe@ortance oftheparameters,itwasknownthat
thePrsndtlnumberchangesbutlittlewithintherangeof conditions
obtainableinthetunnel.Therewasevidencefrcmreference1 thatlittle
dependenceonMachnumberwastobe expectedinthesupersonicrange.
Hencethebvestigationwasbeguntiththeassq%ion thatReynoldsnumber
wasprobablythehportantpaxmeter,withtheimplicationthatdensity,
velocity,andwiredismeterwereequivalentphysicalvsriables.It soon
becameevident,however,thatdensityandvelocitychangesaffectedthe
heatlossfromthewiresin differentways,particularlyin subsonic
flow. Thisindicatedthepresenceof allachnmibereffectthatstraugely
persistedintotheverylowsubsonicregionwherecompressibilityeffects
wereexpectedto disappear.

.
*

Basedontheseprelbinaryobservationstheexpertientwasdesigned
to varythefree-streamdensityandvelocityandthewirediameterinde-
pendent~overthewidestpossiblerangesothattheroleofeachin
heatlosscouldbe evaluated.Thelimitationsoftheequipmentdidnot
permitthevelocitytobe variedindependentlyofthefree-stresmteruper-
ature;hencetheeffectsofMachnaber,free-stresmviscosity,andcon-
ductivitycouldnotbe evaluatedindependentlyof velocity.TO reduce
thenumberofvariables,alldatawererunata constantstagnation
temperature.

Thevaluesoffree-streamdensity,Machnumber,viscosity,smdcon-
ductivitywerecomputedforsupersonicflowfromthemeasuredstagnation
pressureandtemperature,~sumingisentropicexpansion,andforsubsonic
flowfromstagnationpressure,pressuredifferentialbetweenstagnationand
test-sectionconditions,andstagnationtemperature.

Thepressuresandpressuredifferentialsweremeasuredwitheither
verticalor inclinedmanometers,dependingupontheirmsgnitude,and
temperaturewasmeasuredwitharuercury-in-glassthemnometerwith0.2°C
graduations.Wirelengthsweremeasuredto thenearestO.Olmillimeter
witha travelingmicroscope.No accuratemesmEwereavailabletomeasure
wiredismetersdirectlybecausetheyrangedinsizedownto about2 wave
lengthsofyeJJmwlight.Themanufacturer’sstateddiameterswereused
inthecalculations.

Theevaluationoftheheatlossfromwiresrequiredtheaccurate
measurementofwireresistsmceandcurrent.Theunheatedresistancewas
foundby usinga bridgecurrentsufficientlysmallto avoidheatingthe
wiresignificantly.Thetemperaturerise AT oftheheatedwirewas
determinedfromtheresistancechangeandthetemperaturecoefficient
ofthemetal.
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ElectricalInstruments

Theelectricalcircuitusedtomakethecurrentandresistancemeas-
urementswasoftheconventionaltypeccmmlonlyusedinhot-wirework. A
Whetstonebridgewasusedfortheresistsmcedeterminationsanda direct-
cuxrentpotentiometerwasusedtomeasurethevoltagedropacrossa stand-
ardresistorinthebridgecircuitforthecurrentdeterminations.The
schematicdiagramisshowninfigue 6. A sensitivegalvanometers
(2vV permillimeterdeflection)wasused_tobalanceboththebridge
andpotentiometer.Sincethewirestestedwereof sucha widerangeof
resistanceandtheirheatingcurrentsvariedsowidely
(0.7ohm< R <850 ohms and 0.004ampere< i <1.4.smperes),thestsnd-
ardresistorswerechangedinthebridgefromtimetotimetoaccommodate
theparticularwirebeingtested.Resistancesandcurrentswerereadto
foursignificantfiguresforallwires,resultinginreadingaccuracies
rangingfrom0.1to0.01percent.To obtainsufficientlysti bridge
currentwhenunheatedresistancedeteruminationswerebeingmade,a vari-
ableresistanceof theorderof16,OOOohmswasintroduced.Thisresis-
tancewas”increaseduntilno evidenceofheatingcouldbedetectedwith
thewireinstillair. Sufficientbridgesensitivityremainedafterthis
adjustmenttodetectresistancedifferencesinthefourthsignificant
figurewithcertainty.

Robe DesignandWires

Severaldesignsofhot-wireprobesweretried,rangingfrommachined
steelwedgesforsupportingtheprongsto variousplastics.Thedesign
finallyadoptedforthetestswasoftheformshowninfigure7. This
consistedofhonedsewingneedles0.018inchindismeterbuttbrazedto
electricalleadsembeddedinhardrubber.Thistypeofprobewasused
becauseofitseaseoffabrication.Thespacingoftheneedleswas ‘
usuallyselectedtoacconmmdatea wireabout3 millimeterslongtomini-
mizetheend-lobscorrection.Holdersofthisdesignweresufficiently
rigidtowithstandthestressesandvibrationalforcesencounteredwhile
runninginthetraasonic-speedregionandduringthepassageoftheshock
wavewhilestartingandstoppingthetunnel.Theseholderswereheldby
a chuckattachedtoa three-directionaltraversingshaftefiendingfor-
wardintothetestsectionfroma diamond-shapedstrutfartherdownstream.

Thewirematerialsusedwereplatinum,tungsten,andanalloyof
platinumwith10percentrhodiumwithdismd.ersrangingfrom0.00005to
0.0015inch.Thelargestsizewasabout.fivetimesthedi.~eterno=~Y-
usedforturbulencemeasurements.Thelargersizeswereintroducedat
a laterstageoftheinvestigationtoextendtherangeofdiameterafter
itbecsmeapparentthatthesmallerdiametirswereShOW@ a l~ge influ-

—..
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+
enceof-the-~lip-flowreghe. Forexample,airata pressureof760mini-
metersofmercuryand15°C hasa molecularmeanfreepathofabout 3~–-
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2.5X 10-6 inch.
-; about5 molecular

stresmdensityof

‘4
.

.
*

9

Thesmallestwire(0.00005-inchdismeter)wasonly
meanfreepathsindiameterwhenoperatedat a free-
~/katmosphere,andthel“argestcommonlyusedfor

turbulencemeasurements(0.0003-inchdismeter)wasonlyabout~ mean
freepathsin dismeterat thesamsdensity.At a free-streamdensity
correspondingto~ atmospheresthisfigurereaches~> wtichiS~ the

boundarybetweencontinumaandslipflow. The0.0015-inchMametermade
itpossibletoenterthecontinuumcondition.

Thevaluesofthetemperaturecoefficientofresistanceof samples
ofeachoftheseveralwiresusedwerepredeterminedwiththeaidof an
electricfurnaceanda calibratedthermocoupleformeasuringtemperature.
Itwasfoundthattheresistanceofnoneof thewiresfolloweda strictly
linearrelationshipwithtemperatureandalsothatthevalueofthe
resistancecoefficientvariedfromsampleto ssmple.To correctforthe
slightdetiationoftheres~t~ce-merature relationshipfroma straight
linetheexper-ntaldetermlmationswerefittedto a curveofthetype

R = Ro(l+ at+ @2) (5}

Thevaluesfor cc and p usedinthecomputationsareshownin
tableI,alongwiththehandbmkvalueof theunitresistivityforthe
variouswirematerials.Sincethesensitivityof a givenwireinterms
of voltagesignalproducedby a fluctuationinrateof coolingis given
appromtely by uK, it isadvantageoustohave cc andresistivity
ashighaspossible.ItwiU be notedfroma comparisonoftheproper-
tiesoftheseveralmaterialsthatplatinumisthesuperiormaterialin
thisrespectandthattungstenandplatinum-rhodiumslloyfollowinthat
order.

Thedatafromwhichthetemperaturecoefficientswerederivedare
shownplottedinfigure8. Thesecwves exerepresentativeof several
ssmplesofeachkindofwiretested.To showthevariationforsamples
fromthesamespool,figure8 alsoincludesthetemperature-resistance
relationshipfortwopresmablyidenticalsamplesofthe0.~3-inch-
dismeterplatinumwire.

Inthecaseoftheplatinum-alloywirescontaining10percentrhodium
itwasfoundthat ~, u, ~, andconseqmntl.yR wouldallchange
dependingon thehighesttemperaturetowhichthesamplewassub~ectedin
theoven.ThisphenomenonisiU.ustratedbytheresistance-temperature
curveoffigure9,whichshowsthatwhenstartingwitha coldwireas
received,an a ofabout0.0014isindicatedupto a temperatureof about
450°to ~“ C, atwhichpointtheresistanceincreasesat an abnormally
highratewithtemperaturechangeandcontinuesto do sountilthemsxi-
mmntemperatureisattainedin theoven.Readingstakenastheoven
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cooledshowedhighervdhes forboth a and ~ thanoriginallyindi-
cated.Themagnitudeofthechangeinallssmplestestedwasdependent
uponthehighestoventemperaturereached.Thesmnealingofthewires
thereforebecameofparamountimportance.Itwasfoundby successive
trialsthat,if thelargerwires(O.0001-audO.00017-inchdiameter)were
preheatedelectrically’sothattheirheatedresistanceswereabout2.05
timestheirresistancesatroomtemperatureandthenthecurrentwasgrad-
Q ficreasedovera periodrangingfrom3 to 5 minutesto increasethe
resistancetoabout2.3timestheoriginalcoldresistance,thevaluesof
R ay and $ wouldbecamestabilizeduptoa furnacetemperatureof .
7%0 to7500c. Thise=ct anneaLLngprocedurewasadoptedforallwires
ofthisalloy.Departurefromthisprocedureresultedinunstablewires
atthehighertemperatureloadingsanda pemanent increasein ~ each
timethesetemperatureswerereached.Toorapidsn increaseofresistance
ratiofrcnn2.05to2.3causedthemtoburnoff. High-temperatureloadings
oftheO.0~05-inch-dismeteralloywirecouldnotbe attainedbecaupeof
anapparentlackofuniformityalo~.thewire. Observationduringthe
preliminaryannealingshowedlocalizedheatingoverlengthsofabout0.1
toO.2millimeterspacedat1-to 3-ndllimeterdistancesalongthewire,
withresultantdestructionofthewiresiftheywereheatedelectrically
toan averageresistancecorrespondingto a temperatureabove@o to
4500c. Thesewireswerethereforenotannealedbutwereheatedelectri-
callytothemaximumresistanceanticipated,whileundercloseobservation
undera microscopeto detectlocalizedheatingindicatedby redglowingin
spotsalongthewire. Thoseshowingsuchnonuniformitywerediscarded.
Sincethesewireswerenotannealedat thesamehightemperaturesas the
largerwires,thevalueofthetemperaturecoefficientwasmuchlower.No
greatchangewasnotedintheformofthetemperature-resistancecurvefor
wiresofplatinuandtungstenwiththeoventemperatureattained,which
wasabout@o C forthetungstenand7~0 C fortheplatlnum.

InallteststheidenticalwirewasusedforalLthedatashown
unlessotherwisenoted.ItwasfoundthatthevariationinNusseltnum-
berobtainedwithsamplesofwirefromthessnEspoolwasasgreatas the
variationobtainedwithwiresofdifferentmaterials;thatis,twossmples
fromthesam spooloftungstenwiremayhaveasgreata differencein
heatlossassamplesofthesam?diameteroftungstenandplatinum.F&can
thisobservationitwasverifiedthatindividualwires peedindividual
calibrations.IJogeneralcalibrationwilldescribeallssmples.

Mostofthewireswererunwiththeiraxesno-l to thewind. Some
wireswiththeiraxesatanangletothestreamwere,however,included.
Intheinitial.stagesoftheinvestigationitwasfoundthatwiresnormal
tothewindwouldnotwithstandthewindloadingstowhichtheyweresub-
jectediftheywereappliedtuotautontheneedles.Computationsshowed
thatifa catenaryshape(uniformlyloadedcable)wasassumedforthewire,
a sagof frcm0.2to0.3miUimeterwasnecessaryina 3-millimeterlength
tokeeptheunitstressto a resonablevslue.Allnozmwll.yorientedwires

i-”
a.
.

k.

—

,7
s.



NAf!ATN 3381 n

.
werethereforeappliedsothatwhenloadedtheyhada sagofaboutthis

-{ mgpl.tude.Thesagof coursedependedonthelengthofthewire,becoming
> almostimperceptibleforwires1 millimeterinlength.Thewiresplaced
. slantwiseto thewindwereruntautbecauseofthereducedwindloading

resultingfromtheirsmallerproJettedarea. Inadditionto thisstruc-
turaldetail,greatc&e wastakenin startingandstoppingthetuunel
becauseof theviolentactionoftheshockwavepassingoverthewire.
Thisactiondidnotadverselyaffectthestronger@res whenthestagna-
tiondensitywasatmosphericorbelow.Forwiresof lessthanO.00015-inch
diameter,thetunnelwasevacuatedto aboutl/2-atmospherestagnation
pressureforthestartingandstoppingoperation.Noparticularprecau-
tionwastakenwiththeangledwires.

Thequestionof “strain-gageeffect”(snincreaseinresistancewith
windloading)wasalsoinvestigated.Itwasobservedthatwhenthewires
werestressedbywindloadingto sucha pointthatanystrain-gageeffeet
wasobservedtheyeitherfailedintensionortheywereso stretchedthat
a pemanentincreasewasshownintheircoldresistance.Duringthese
testsnowirewithstooda windloadingsufficientto showstrain-gage
effectwithoutpermanent distortion.

Thepresenceof dirtor dustinthetunnelcausednumerouswirefaU.-
ures.Eventhedustenteringfromtheroomwhenthetestsectionwas
openedforanappreciabletimewouldcausetrouble.Precautionswere
thereforetakentopreventanydustfrm enteringthetunnel,firstby
successivefilteringofti airwhichwasaddedtothetunnelandsecond

* by leavingthetestsectionopenonlylongenoughto changetheinstru-.r~ ments.Withtheseprecautionsthewirescouldbe runovera periodof

% weekswithoutfailure.Forexsmple,twotireswereeachrunovera
periodcoveringabout2 weeksat speedsupto M = 1.@j,afterwhich
theywereremovedfrmnthetunnelandstoredina dessi&torforseveral
monthssndthenreplacedinthetunnelandrunforanqtherweekat super-
sonicspeeds.Onlya slightchangein coldresistance(about2 percent)
occurredoverthisperiod.Oneofthesewireswastungstenloadedto a
meantemperaturein~cess ofkOOOC, andtheotherwasO.0003-inch-
diarneterplattnmn.

Itwasfurtherfoundthatthetensilestrengthof theplatinumand
platinum-rhodium-alloywiresdecreasedsorapidlywithtemperature
loadingthatthemsxinumtemperaturehadtobe ldmitedinorderforthem
towithstandthehigherwindspeeds.Thehighestaveragetemperatureto
whichthewirescouldbe loadedwasaJsoa functionof thewirelength
andwirediameter.Sincethetemperatureatthecenterof a shortwire
isgreaterthanthatfora longwireatthesanemeantemperature,the
shortwirescouldnotbe loadedto thesamemean_eratures without
failureduetolossof strength.Themsximumaveragetemperaturesand
windloadstowhichthevariouswiresweresubjectedareshownin
table11. Themsxdmumdynamicpressureattainableinthetunnelwas
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887gramspersquarecentimeterwhichoccurredata Machnumberof1.25
witha free-streamdensityof0.0012grampercubiccentimeter.Those
wtiesloadedtothisvaluemayhavewithstoodevengreaterwindloadings.

h thecaseofthetungstenwire,failureduetolossof strength
withtemperaturewasriota factor.Ifthesewiresareheatedmuchabove
thesemaximmvaluesobserved,rapiddeteriorationdueto oxidationof
thewiresresults,causinga Largeincreaseh thecoldresistance.Data
concerningtheoxidationoftungstenwiresatthe?iighertemperature
loadingsareincludedinreference2. No deteriorationattributableto’
oxidationwasobservedinanyofthesamplesofplatinmnorplatinum-alloy
wirecontaining10percentrhodiumtested.

Alltheplatinumandplatinum-rhodium-alloywireswereattachedto
theprobeswithsoftsolder,withtheexceptionofthe0.0015-inch-
diameterplatinmnwire. At the”maximumtemperatureloadingforthiswire,
theheatlosstotheneedleswassufficienttomeltthesoftsolder..
Thiswirewasthereforeelectric-arcweldedtotheprobe.

Variousmethodsofattachingtungstenwiresto theprobesweretried.
Scmesampleswerecopperplatedattheenthiandsoftsolderedasdescribed
inreference4. A “strike”fickelplatingwasappliedto theend@of
otherstopermitsolderingto theprongs.Theresultsfromnickelplating
comparedfavorablywiththosefromthecopperplating.Themethodof
attaclnnentfoundthemostsuitableforproducingstableandstrongconnec-
tionswasa simpleelectric-arcweldlngtechnique,whichisillustrati”d
schematicallyinfigure10. Theprocessconsistsofapplyingthewireat
thepointoftheneedle,thenstrikingitwiththeelectrode.Welding
electrodesofvariousdiametersandof differentmaterialsweretried,
includingcopper,platinum,iron,andsilver.Thesilverorcopperelec-
trodesofsmalldiameter(0.005inch)provedthemostsatisfactory.Since
thewireswereappliedmanually,expertmanipulationoftheelectrodewas
essential.No fluxwasusedfortheprocess.Microscopicexaminationof
theweldsshowedthatmaterialhadbeentransferredfromtheelectrodeto
theneedletoembedthewire. Theseweldedwireswereexceptionallystable
overlongperiods.Thewireswerenotannealedafterwelding,andthere
wassameindicationofembrittlementofthe0.00015-inch-diamterwire
neartheweldedends.Furnaceannealinginan inertatmospheremayprove
beneficialtoeliminatepossibleembrittlement.

TestProcedure

Thepreparationofa wiresampleconsistedofmountingiton a holder
likethatshowninfigure7, annealingit (ifnottungsten),andthen
exposingittoextremewindloadingatmaxhmmtemperatureloading.The
lastoftheseproducedmanywirecasualtiesandwasdonedeliberatelyto
ekhninatedefectivewiresbeforeeffortwasexpendedondetailed
measurements.

x--

—

—

w
L-.-
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ThetemperatureloadingAT andstagnationtemperaturetobemati-
tainedduringa runweread@ted witht~ tunnelinoperationwithair
driedto a dewpointbelowabout-X” F. Itwillbe notedthata constmt
AR waamaintdnedonthewireswhichcorrespondedto a ne=ly constant
temperature-loadingoperationratherthanconstant-temperatureoperation.
InthiscasethewiretemperaturedecreasedwithincreasingMachn-r
becauseofthedecreaseof Tr as s- infiwe ~. ~ st~tion
temperaturewasusually~“ C andwasheldconstantto+J/2°C bymanual
adjushentof thetunnelcoo13ngwater.Forselectedfree-strewndensi-
ties,seriesofobservationsof i, R, and ~ weremadeatthevarious
wirepositionsinthesupersonicnozzlecorrespondingtothefixedMach
numbersdeterminedby thestatic-pressurecalibrationofthenozzle.The
stagnationpressurewasadjustedtokeepthefree-streamdensitythese
ateachposition.ShinethestresmtemperaturevariedwithMachnumber,
itsVahe wascmputed,assumingisentropicexpanEionwith 7 = 1.4,in
orderto ascertainthevsluesof y and k forthefreestresm

Whileitwaspossibletopassnearlycontinuouslyto subsonicspeeds
withthesupersonicnozzlebymovingthewireupstreamthroughthethroat,
thiswasnotattempted.Allthestisonicworkwasdoneeitherwithsub-
sonicnozzleblocksor inthethroatof thesupersonicnozzle.Thesub-
sonicspeedswerevariedby throttlingthetumnel.

End-LossCorrections

h sllcasesthereexistsanunavoidableflowofheatfroma wireto
thesupports. Thesmountlostinthiswaybecmesa largerproportionof
thetotalasthewireismadeshorteror itsdismeterisincreased.Ordi-
narilythisisnotobjactionable,butin comparingtheperformance of
wiresofdifferentdhneterit isanextraneouseffecttendingto confuse
thepointsat issue.Forthepresentpurposescorrectionswereapplied
whichremovedthiseffectandyieldedvsluesofI&meltnunibercorre-
spondingto infinitelylongwires.

Sincenomeanswereavailableto obtainthetemperatureattainedby
thesupportingneedles,theend-losscorrectionswerebasedonthe
assumptionthattheneedlesattahedthesanetarperatureh theair
streamaatheunheatedwire;thatis,thetemperature-recoveryratiowas
thessmeforbth thewireanditssupport.Thisd-soinvolvedthe
assumptionthatthesupportwasnotheatedby theflowofheatfroIuthe
wire. Becauseoftheuncertaintyarisingfromthisapproximationand
becausetheend-losscorrectionswereof suchsmallmagnitude,itwas
assmnedthatthelinesrcorrections(assmingheatlossproportionalto
temperaturedifference) asproposedby KLng(ref.3)wereadequate.The
more complicatednonlinesrcorrectionsworkedoutby Betchov(ref.5)
werenotconsiderednecessary.

.
.
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ThelinearcorrectionsofICLngwereputin a nondimensionalformby -~
Kov=’znayandT&me.rck(ref.1)whoproposedthefollowingrelationships ,..=--
whichwereusedinthesecomputations: d

(6) -

Thequsntitya canbe determinedfromthetranscendentalequation

a = 1- (s/@)tanll(fi/s) (7)

in which

and

(9)

Thehandbookvaluesof K usedinequation(8)werecorrectedfor
theheatedwireteruperature(ref.6).

Threegraphicaldeterminationsweremadeintheprocessingofthe
datatoapplytheseend-losscorrections.First,S wasdetermined
froma logarithmicplotof S

—
= f(N@ describedbyequation(8);sec- 7

end,thevalueof a wasreadfroma graphofthetranscendentalequa- A.
tion(7);and,third,theNusseltnumberratiodescribedby equation(6)
wasreadframthestraight-linefunctionF = f(a). Allothercomputa- 2
tionsweremadenumerically. .

TheminimumNusseltnmnberratios(maximumend-losscorrections)
occurredatthelowertemperatureloadingsandlowerNusseltnumbers.
Thevariationsoftheend-losscorrectionswithtemperatureandNusselt
numberareshowngraphicallyinfigure12.

Inmakingthecomputations,Num wasfirstdeterminedlyusingthe
expression

Num = 0.2389i2R/tiZk# (lo)

where0.2389isusedto convertwattsto caloriespersecondtomake
thevariablesdimensionallyconsistent.ThisquantityN% w neces-
saryfortheend-losscorrectionsasapplied.Afterthemeasured,values

.

oftheNusseltnwibersbasedonfree-streamconditionsweredeterminedby ?.
multiplyingequation(10)by thefactorko/k,thecorrectionfactorF

r.

wasappliedtoyieldthecorrectedNuaseltnumbersshowninthedata .
presented.
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RESULTSFORWIRESNORMALTOWIND

.

.

Asmentionedinthesectionentitled“l%qerimentalRequirements,”
itappearstobe desirablein thefaceofnumerousvariablestotake
advantageof Wnensionlessgroupingsofphysicalvsriables.Thisalso
appearstobe thebestwayto generalizehot-wirebehaviorandshowin
a broadwaythepossibilitiesforapplications.

At first&d itappearsthattheobservationsshouldbe usedto
showthefunctionalrelationsbetweentheparametersinecpation(4).
Thisinfactwin be done,butthereisa needforfirstdiscovering
whethertherearesufficientparameters.Furthermorethereis a certain
arbitrarinessinconnectionwiththechoiceof K and k. Forthese
reasonstheresultsarepresentedfirstin themoreelementaryformshowing
asfaraspossiblethedependenceofNusseltnumberon themoreelementary
variables.Theseturnouttobe theMachnuniberanddensityofthestream
andthedismeterof thewire. Thiswillintroducethenew,andphysically
significant,parsmeterd/h. LatertheReynoldsnumberwillbe introduced
along witha discussionofthebasisforevaluatingK and k. Following
this,theeffectoftemperatureloadlngwillbe treated.

SincethePrandtlnumberappearinginequations(3)and(4)could
notbe variedindependently,andsinceit changedrelativelylittleand
onlywithMachnumberundertheconditionsoftheexperiment,itwas
decidedto allowsucheffectsasmightbe presenttobe combinedtith
effectsofMachnumber.Fora fixedstagnationtemperatureof ~“ C
thePrandtlnumberrangesfrom0.7@ at zerospeedto0.707at a Mach
nmnberof1.9- a changeofabout6 percent.

Ytdidnotappeardesirableto eliminatea parametercontainingvis-
cosityby formingthePecletnumber,whichresultsfrcmtheproductof
Reynoldsnuniberad Prandtlnumber.Thisof courseleadsto somedisad-
vantagein checkinga theorysuchasTchenfs(ref.7) inwhichPeclet
numberisused. ActuallyReynoldsmmiberis a fairsubstituteforPeclet
number,exceptfornumericalvalue.

TemperatureRecovery

Whena wireis subjectedto theimpactofa high-speedstresm,it
attainsa temperatureabovethatofthefreestresmbecauseofaerodynamic
heating.Thisistermedtherecoverytemperatureanddenotedby Tr. The
recoverytemperaturesobservedforvariouswiressmplesareshowntogether
withotherptilished”datainfigure11 intermsof Tr/Ts as a function
ofMachnmuber.NO CO?MiStent change in Tr wasobservedwith d or p,
whichimpliesthat Tr isindependentofReynoldsnumber.A slightvari-
ationof Tr (about5°C maximum)wasobservedamongthevariouswire
ssmples.
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Sinceitisobvio@thatthewirecanloseheattothestresnonly
whenheatisaddedto raiseitstemperatureaboveTr,thetemperature
loadlngAT wastakentobe Tw - Tr. A reasonableassumption,as indic-
ated by formula(1),isthattherateofheatlossisdirectlypropor-
tionalto AT. Actuallythisisnotthecase,andthedepart~esare
treatedseparatelyin sanedetailinthesectionentitled“Effectof
TemperatureLoading.”

.
.

Intheplottedcurvesdiscussedinthe-x% twosectionsalldata
arebasedonthelowesttemperatureloadingatwhichthewiresweretested.
TWA wasa AT ofapproximately6P C whichcorrespondsto a temperature-
loadingratioAT/Ts ofabout0.22.

—

DependenceofEeatLossonMachNumber,

Density,andWireDiameter

An examinationofthedatafrm allofthewirestestedshowedthat
ofthethreeprincipalparameters,M, p, and d,thewiresresponded
differentlyto changesin M frcmthewaytheydidto changesin p or d.
~is wasthecase--evenatlowspeedswherea dependenceon M -~~d to._
dependenceon V. Theresponseto changein p,however,wasMentical
totheresponseto changein d withinthelimitsoftherepeatabilityof
themeasurements.Thesefactsmadeitappsrentthatthe pd product
playeda separateroleapartfrmnbeinga constituentofReynoldsnuniher.
Themostnaturalddmmdonlessparsmeterderivablefrom pd was djh.

?
L. “-

Theconversioninvolvedtheassumption,customaryinelementarykinetic
theory,that PA couldbe regardedas constant.Taking v
k = 6.z x 10-6centimeterat a densitycor-&spond&gto 76omillimeters ‘-

ofmercuryand15°C (ref.6),theproductbecomes7.748x 10-9gramper
squarecentimeter.

Itmustbemadeclearthattheparameterd/k wasintroducedfor
physicalclarityratherthanfrcmnecessity.TheratioRe/M might
havebeenusedinstead,sincethisratiomaybe showntobeproportional
to d/A by elementarykinetictheory.Itmustbe pointedoutalsothat
theuseofeitherq~tity inplaceof pd disregardsthechangeof
collisioncrosssectionofthemoleculewithtemperature.Theerrorreally
amountsto assumingan idealizedA ratherthanthetrueone. Since d/h
isgivenby

itisexactlyproportional
be usedinterchangeably.

d @-=
A 7.748x 10-9
to pd,andindescribingeffectsthetwomay

.

--l
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Thedependenceof Num on M and d/A isshowninfigures13,14,
15,and16. Itshouldbeborneinmindthatthevelocityof soundisso
nearlyconstantfox M <0.4 thattheindependentvariableherebecomesV.
Thetemperature-loadingratioAT/Ts is constantthroughout.

Figure13 showsthevariationof Num withMachnumberforvarious
chosenvaluesof d/A andfigure14 showsthessmedataplottedlogarith-
mically.Thewirediametersareindicatedinthefigures.Thevsl.ueof
A isbasedonthedensityof thefreestream.FroMfigure13 it canbe
seenthattheslopeofthecurvesisgreatestatthelowMachnmbersand
decreaseswithincreasingMachnumberup to thespeedof sound,atwhich
pointtheslopeincreasesabruptly.Ccmrpleteinsensitivityto changesin
M is shownovera considerablerangefora d/A of 6.5,butasthis
parameterincreasesa greatersensitivityto changein M is shown.

TheIogaritlnnicplot(fig.14)showsthattheNusseltnumberisnot
a simplefunctioninvolvinga constantpowerof M ineitherthesub-
sonic-or supersonic-speedregion.Thecurvesshowa pointof inflection
inthesubsonicregionandalsochangefromconcavedownwardtoconcave
upwardat M = 1.0. Plotsusingvelocityastheindependentvariable,
ratherthanMachnumber,donotalterthebasicpictureshowninthese
-es.

Figures15 snd16showa crossplotofthesanedatapresentedin
figures13 and14. Theseplotsshow Num asa functionoffree-stre-d~~
with M as cuI% parsaqeter.

—-..
Returningnoytotheinterchangeability

of d/A and pd,thecurvesoffigure15 indicatithatastheMachnmn-
berincreasesthewirebecomesmoresensitiveto changesin density.They
showfurtherthatthewiresaremoresensitimto changein densit’yinthe
lowdensityor small-wire-diemeterregion,incontrastwiththeinsensi-
tivitytoMachnuiberin thesameregion.

Sbce King’slaw wouldindicate that thecurvesoffigure15would
be a fsmilyofparabolas,theyarereplottedin figure16 asa function
ofthesquarerootof d/A withMachnumberas a parsmeter.Thisplot
showsthatstraightlinesresultforallwiresshown.Otherwirestested
showedthesamecharacteristics.Onlyslightvariationsexistsmongthe
variousties describhgtheseveralwiresof differentdismeters.These
variationsareof thessm orderofmagnitudeasthoseshownfrompre-
smablyidenticalssmplesofthessmewireandsomaybe attributedto
ssmplevariation.Theslopesoftheselinesincreasewithincreasing
Machnumberaswouldbe expectedby ~ng’s law;but,contrarytoIC1.ng’s
law,theirinterceptsdecrease.Thiscombinationof decreasingintercept
withincreasingsloperesultsin a nearlycomnonpointof intersectionfor
allsubsoniclinesanda secondnearlycamnonintersectingpointforthe
linesof constantsupersonicMachnumbers.Thesepointsof intersection
appearin allcasesinthefirstquadrant,thatis,whereboth ~
and d/A arepositive.

..
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Itisnoted
curvesoffigure
King’slaw. For

NACATN35.81

that,inconsideringonlythesutisoficportionofthe .
14,theslopedoesnotapproach1/2asindicatedby

—>—
example,atthelowerMachnumberswitha densitynear

thatforatmosphericpressure,theslopesofthelinesoffigure14 vary -n

from0.3to0.4,dependinguponthetirediameteranddensity.Tbis
showsthatNusseltnumbervariesatoneratewithMachnumberandat
anotherwithdensity,evenatvelocitiesas lowasabuut~0feetper
second.Thisdiscrepancycontinuesthroughout the entirevelocityrange
toM= 1.9. Inthesupersonicregiontheslopesareapproximatelyunity.

EffectofReynoldsNwriber

Oneofthemosttroublesomefeaturesofcompressibleflowconce?.%s
thechoiceofconditionsatwhichthephysicalpropertiesoftheair
surroundingtnewirearetobe evaluated. —

Itistobe notedthatthefiguresdiscussedinthesectionen~itled
“DependenceofHeatIossonMachNuriber,Density,andWireDiametershow
themeasureddatawhentheconductivityfactoroftheNusseltnumberis
basedonthefree-streamtemperature.If,ratherthanfreestream,other
conditionshsdbeenassumedforthearibientsir~differentchsncteristics
andsensitivitiesofthetiresto change~.,inMachn@er anddensitywould
havebeen”indfcated.Thesedifferencestill,bec~more”obvious”inthe
presentsectionwheretheeffectsofReynoldsnumberon”heat-losscharac-
teristicsaretobe illustrated. . :.+ ., . v“

Scmeinvestigatorshayesuggestedthatthestmunpropertiessho~d ~-...
be evaluatedat somemeanfilmtemperaturebetweentherecoverytempera-
tureandheated-wiretemperature,orbetweenthetemperatureoftheheated c-
tireandthefreestream.Anysuchaversgemust.bearbitrarybecausethe
temperature.fieldaroundthewireisfmknom. Trialcomputationsbased
uponairpropertiesevaluatedatvariousmeantemperaturesbetweenthose

—

oftheheatedwireandtheairfailed*O clarifythetestdata.No virtue
wasexhibitedby anymanipulationinvolvi~theheated-wiretemperature.
Fromthesetrialsitv&scoticludedthatatthevelocitiesencounteredin
theseteststhethermalboiuikqlayeraroundthewirewassothinthat
theviscosityandconductivityofthe‘airwithinthislayerdidnotcon.
troltheheatlossesto anygreatexbent.

Other”possibleconditi.&suponwl@ch&.physical.propertiesof the
stresmmaybe evaluatedwouldbe eithersmtiori orfree-streamcondi.-,
tions,ortheconditionTr indicatedby thewireitself,whichlies
betweenthestagnationandfree-streamtemperatures.Of thesepossible .- ..
conditions,therecoverytemperaturewouldexistadjacenttothewire .
onlyinitsunheatedstate.Withthewireheated,thegradientcausing 4
heatflowwouldbe determinedby thedifferenceintemperaturebetween
theheatedwireandthefreestream.Iftheinferenceiscorrectthat P

.
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thethermallayersurroundingthewireis sothinthatitsconductivity
andviscosityhavelit~e influenceon theheatloss,onlythefree-streem
temperatureremainsas a definitiveconditionuponwhichtobasethe
Physicalpropertiesof the air. Thisreasoningcanbe appliedonlyto
subsonicflow. Inthesupersonicregime,a bluntobjectsuchasa wire
willcreatea shockwavebehindwhichthewirewilllie. Itappearsthat
theconditionoftheaiYInthevicinityofthewirewouldbe aboutthe
sameasthatbehinda normelshockbecausethatportionofthedetached
shockwave-diately infrontof thewireisapproximatelynormal.If
thephysicalpropertiesoftheairaretobe evaluatedattheembient
conditionsoutsidethethermallayer,it appears-thatin supersonicflow
theconditionofthe~bientairisthatattainedby thefreestream
afterhavingpassedthrougha normalshock.

To illustratetheseobservationsthedataforonewirehavebeen
plotteduE”ingeachofthethreeconditionsT, T~,and Tn to eval-
uatetheairpropertiessothata directcomparis&maybemade. Fig-
ure17 showsthesedata. IntheseplotsNusseltnumberisshownas a
functionofReynoldsnuniberwith M and d/A asparameters.Itwill
be notedthat,sincethemassflowgivenby pV isa constsntforall
crosssectionsofthestream,tiscosi~istheonlyquantitycausing
theReynoldsnumbertobe differentforeachofthethreeassumedcon-
ditions. Idkewisek, theotherquantitydefiningairproperties,is
theonlyfactorcausi~Nusseltnumberto differforthethreeconditions.
b additiontothesethreeseperateconditionsassumedfortheenibient
air,figure17 alsoincludesa plotbasingtheairpropertieson a fourth
contition,tobe discussedlater,whichyieldsanapparentlybettercor-
relationofthesupersonicdata.

Infigure17(a),theconductivitysndviscosityarebasedonfree-
streamconditions;figure17(b)showsthesamedatabasedontheesti-
matedambientconditionsat thewtre;thatis,thesubsonicdataare
basedonfree-streemconditions,andthesupersonicdata~e basedon the
conditionbehinda normalshock;andinfigure17(c)theidenticaldata
areshownwiththephysicalpropertiesoftheairevaluatedat stagnation
conditions.

I& a comparisonofthesecurvesit is seenthatunderno condition
isthedependenceon anyonedimensionlessparxmetereltited. Ihall
threecasesseparatestraightlinesresultforeachMachnumberasthe
densityvariesendseparatecurvedlinesdescribethevariationinMach
nunberwhenthedensi~isheldconstant.Theseplotsshowfurtherthat
theindicatedsensitivityofthewireb changesinMachnumberor density
ata particularReynoldsnuniberdependsupontheconditionwhichis
selectedtoevaluatethephysicalpropertiesoftheair.

c

.
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Ifthesepropertiesareevaluatedat stagnationconditions(fig.17(c))‘h
thewirehasappro~tely eqpalse@.fivityto changesinvelocityand
densityinthesupersonic-speedregionaboveM = 1.25 becauseof the
smallnessofthedependenceonMachnumber.Inthesubsonic-speedregion ‘9
thereisno sucheffect,exceptpossiblyina regiontobe discussedlater,
wheretheMachnumberislowaud d/A islarge.As thespeedincreases,
theslopeofthecurveswith d/A constantdecreases,showinga decreased
sensitivityto changeinMachnumtirorvelocity.Thiseffectisgreatest
atthelowervaluesof d/A,as,forexample,ata d/A of20 thewires
showccmpleteinsensitivityto changeinvelocityat M = 0.8 anda neg-
ativeslopeintheregion0.8< M < 1.0.

Whentheairpropertiesarebasedwon free-streamconditionsin the
subsonicregion(figs.17(a)and17(b)),zeroandnegativeslopesdonot
occur,buta decreasingslopeoftheconstant-densitycurveswithm
increasingMachnumberpersists.At thel%st-tichnmibers,thecurTes““
areidenticaltothosebasedon st~tion–conditionsbecausethefree-
stresmtemperatureisessentiallystagnation.Intheremainderofthe
subsonicregionapproximatelythesamesensitivityto changeindensityis
indicatedthroughoutbecausethelinesofconstantMachnumberarenearly
parallel.

Thesupersonicdataoffigure17(a}showan increasingheatloss
withincreasingMachnmher (hol&g Re constant),whichis Justthe
reverseofthep@mmena shownatthem.ibsonicspeeds.Theplotshows
furtherthat,= theMachnumberincreasesaboveunity,theslopesof
theconstantMachnwnberlinesalsoincrease. .

~.

Thesupersonicdata offigure17(b),basedontheconditionsbehind v-a normalshock,showlinesofconstantMachnumberhavingapproximately
thesaneslopeasthoseinthesubsonicregion,indicatingthatata

.

fixedReynoldsnumberthesanedependenceondensityobtainsthroughout
theentirerangeofMachnumbers.Separatecurvesareobtainedfordif-
ferentMachnumbers,butthereislessdependenceonMachnumberabove
M= 1.5 thanshowninfigure17(a).

TheworkofKov&~ andT6rm&rck(ref.1) showedthatbasingv
and k onconditionsbehinda normalshock(orstagnationwhichisa
nesxequivalent)virtuallye13&natedtheeffectofMachnumberinthe
supersonicrangecoveredintheirinvestigation(1< M< 2 approximately).
Accordingly,itmightbe surmisedthatcompressibilityeffectsmerely
reflecttheeffectoftemperatureonthepropertiesoftheair. ItiS
highlysignificantthereforethattheresultsobtainedinthepresent
investigationshowthatthischoiceof N and k reducesbutdoesnot
ekhninatetheMachnumbereffectinthesupersonicrangeandattheS- - _
tbe increasestheeffectinthesubsonicrange.Itmustbe concluded .
thereforethatnobasicsignificancecmbe attributedtothischoice

*
“
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● of p and k andthqt,lackingfurtherinformation,the.
madea matterof convenienceormy bemadeto conformto

i variationofpropertiesin anyparticularapplication.
.
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choicemaybe
theassumed

Sinceitwouldevidentlybe advantageoustoapproximateindependence
ofMachnumber,ifonlyina Mmitedregion,itisworthwhileto.see
whetherthisispossible.Obviouslynothingcanbe doneinthesubsonic
region;infact,basingv and k on anythingbutthefree-stresmcon-
ditionwouldappeartobe unwarranted.Detaileds,tudyof thesupersonic
datafromnormal.wiresshowedthat v and k basedona temperature
60percentof thewayfromfreestresmtothetemperaturebehinda normal
shock(varyingscmewhatfromssmpleto ssmple)resultedintheminimum
Machnumbereffect.Thiswasarbitrarilyroundedofftosn mithnetic
meanofthetemperatureofthefreestreamandthatbehinda normalshock
togivetheresultsshowninfigure17(d).Itissmatterofsaneinter-
est,andperhapsof somesignificance,thatthedataforswept-@res,to
be discussedlaterinthesectionentitled“TestResultsWithSweptWires,”
fellinllnewiththedataforwiresofnormalincidencewhenthiscon-
ventionwasadopted.

W figureI-8dataarepresentedforfourwirescoveringthefull
rangeofdiameter,plottedwithsubsonicdatabasedonfree-stresmcondi-
tionsandsupersonicdatabasedonthearitktic meanofthetemperature
ofthefreestreamandthatbehinda normalshock.TheparticularcoZldi-
tionschosendonotmateriallyaffectthisfigure.Thefeaturetowhich
attentionisdrawnisthechangeinthecharacterofthecurveswith

* CkIlg~ d/A. Eachofthefourplotsinthisfj.gurecoverstherangeof. d/A madepossibleby varyingtheairdensityfora wireofa particular
* dismeter,thefourdifferentdismetersgivinga rangeof d/A from6.Ij

to590..

Attentionshouldbe focusedonthedifferenceinthecharacterof
theMnes of constantMachnmnbera,b, c, andsoforthandthelinesof
constantd/A. lhfigure18(a)where d/A is smallthetwosetsof
curveshaveradicallydifferentslopes,andthelinesof constantd/A
bendovermarkedlyfollowedby a sharpupturnintothesupersonicregion
astheReynoldsnumberincreases.Itwillbe notedthatthebending
decreasesas d/A increases.Thistrendcontinuesas d/A getspro-
gressivelylargeringoingtoparts(b),(c),and(d)offigure18. At
thesmnetimethedifferenceintheslopesof thetwosetsofldnesbecmes
lessandlessinthesubsonicregionandtheyapproachoneanotherat the
lowerMachnumbers.

Whilethecurvatureof theMnes of constantd/A decreaseswith
. increasingd/A,thecurvatureremainspronouncedfor M >0.4. Coupled

withthisistheseparationofthetwofsmilies:M constantand d/A
constant. ThisisthemannerinwhichMachnumbereffectmanifests. itselfinthesubsonicregion.Thesourceofthiseffectis a stronger. ..
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dependenceofNusseltnumberon densitythanonvelocity.Thephenomenon “ “-
isintimatelyconnectedwith d/A,becminglargeras d/A decreases: -.-:

Forexample,when d/h= 6.5,thedependenceofNusseltnumberonvelocity ~
becomessmallabow a Machnumberof0.4andactuddyceasesaround
M = 0.8. Thisisa verysignificantfeature,foritmeagsa vanishing

.

sensitivitytovelocity.

Figure19isa compositeplotofthesanedatagiveninfigure18
withtheadditionof thestraightlinederivedfromKing’slaw. The
factthatthislinedoesnotagreewiththeobservationsisunimportant,
fortheconstantsarenotusuallycheckedby experiment,butitisworth
notinginthiscmarison thata Hng’s law.ty)?eofbehtiorfSbef~
approachedwithincreasingd/A ad decreasingM. Theevidencefrom
thisinvestigationisthatdeparturesfromlinearityanddifferencesin
responseto densityandvelocityhaveexistedfortheconditionsunder

—

whichmosthot-wireshavebeenusedinthepastbutdidnotbecomeappa-
rentbecaUseofthelimitedrangeofvariables.Forexample,foratmos-
phericdensitiesandwiresizesnormallyused,thedeparturefromline-
arityisonly5 percentoverspeedsrang*.._fromMU CO~ 200feetper

—

second.A notuncommonscatterof‘Q~perceritis sufficienttomaska

departureofthismagnitude. —

EffectofTemperatureLoading

Magnitudeanddirectionofeffect.-WhileKing’slawstatesthat .
therateofheatlossfroma heatedwireisproportionaltoitstemper- —.—

..
aturerise,thepresentinvestigationandotherrecentworkconducted
athighspeedssho_wthatdeviationsoccur.In short,Nusseltnumberis #-

foundto dependonthetemperatureloading.
..- -— ~.

Thetemperatureloading,givenby ~ - Tr anddenotedby AT,is
thetemperatureriseproducedby theheatgeneratedelectricallyin the

—

wire,thisrisebeingJustsufficienttomaketherateofheatlossequal
to therateofheatinputunderthegivene.xternal.conditions.A rate
Of10SSwhichisotherthanproportionalto_t@.temperat.ure.lpa~~ must _ - “:
be attributedto someexternaleffectproducedby theheating.Inref-
erence1 itispointedoutthattheratioAT/Ts isa goodmeasureof
thedistortionoftheflowaroundthewirecausedby theadditionof heat.’ -
Inreference7,wheretherecoverytemperatureofthewireisassumed.to
be Ts,thedifferenceTw - Ts isusedasa measureoftheperturbation
causedby theintroductionofheat.Aerodynamiceffectsassociatedwith
heatinputtothestresmarethereforerecognizedandprobablyaccount
fortheeffectsabouttobe discussed.

.
Reference1 reportsa decreasingslope-ofthec~e. obt~nedby .

plottingrateofheat10SSagainstAT/Ts at su~rsoficsPeeds*NO u–
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thiseffectonMachnumberorReynoldsnumberwasobserved.
reference7 predictssuchaneffectatsupersonicspeeds

butthereverseat subso~cspeeds.Thepresentmeasur-&entsshowthat
effectsdoexist~ boththesubsonicandsupersonicregionsbutthat
themagnitudeanddirectionarea functionofothervariables.

Sincethedatatakenforeachwireinthisinvestigationincluded
fromthreeto fivedifferenttemperatureloadings,coveringa widetem-
peraturerangeateachdensityandspeed,sufficientobservationswere
availableto showa temperature-loadingeffectdependentonboth M
and p. As farascouldbeascertainedtheeffectsof temperatureloading
werenotinfluencedby Reynoldsnumber.Since,however,thedifference
inheatlosscausedby temperatureloadingisa second-ordereffect,a
possibleinfluenceofReynoldsnumbermayhavebeenmaskedby theexperi-
mental.uncertaintyassociatedwithscattersndthenormalssmplevariation
associatedwiththedifferentwires.No simplecorrelationcouldbefound
to coversJ2.oftheeffectsobserved.

Figure20 showsthedatafroma singlewireplottedforeachof three
different”temperatureloadings,witha AT of67°,204°,and5U0 c,
respectively.By referencetothisfigureit is seenthatlinesof con-
stantMachnumbersreS2.WWSstraightwhenNusseltnumberisplotted
againstReynoldsnuuiber,buta differentlineresultsforeachconstant
temperatureloading.A decreaseofNusseltnumberresultsasthetemper-
atureloadingis increased,exceptatthelowerMachnmbers,where
Nusseltnumbermayeitherincreaseor decreasewithtemperatureloading
dependinguponthedensity.

Inthesubsonicregionthelinesof constantMachnumbershowan
increasingslopeasthetemperatureloadingincreases,indicatinga
greatersensitivityto chamgein densityatthehighertemperatures.
Conversely,a decreasedsensitivityto changefik!achnuder isindicated
asthetemperatureloadlngis increased.

Theccmibinationofunitheatlossandslopesmongthevtiouscon-
ditionsis suchthatthe M = 0.05 linesintersectnearthepointwhere
thefree-streamdensityisnesrthatforstsndardatmosphericpressure,
sothatno changeinheatlosswith~erature loadingatthisdensity
andMachnumberwouldbeindicated.At lowerdensities,a decreasing
Nusseltnumberwithincreasedtemperatureloadingis indicated,andat
densitiesaboveatmosphericincreasedNusseltnwnbersresultfromincreased
temperatureloadings.Becauseofthepeculisrcombinationof contributing
factors,shilsrphenamenamayoccuratothercombinationsofMachnmnber
anddensity.

W thesupersonicregion,a differenttypeOf characteristicis tidi.-
cated.As thetemperatureloadingisincreasedtheNusseltnuniber
decreases,aswasthecaseinthesubsonicregioaforthehigherMach

*
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nuriberswithinthedetiitylimitsofthetests,buttheslopesofthecon- .
stantMachnumberlinesdecreaseasthetemperatureloadlngis increased. -
Thechangefromincreasingtodecreasingslopewithtemperatureloadimg
apparentlyoccursnear M = 1;thatis,thelinesofconstentAT are .—
parallelnesrsonicspeed.NO combinationoffactorswasencounteredin . .-..”l
thesupersonicregion-whereanincreasedNusseltnumberresultedfrom
increasedtemperatureloading,butanetirapolationofthelinesof con-

—

stantMachnumberindicatesthatthiscouldoccuratverylowdensities.

Aftervariousunsuccessfulattemptsto illustratetheobservedphe-
nomenaina simplemanner,itwasfoundthatthetemperature-loading
effectscouldbestbe shownby a systemofnondimensionalratiosinvolving
thetemperatureloading,Machnumber,density,andNusseltnumber.In
thissystemtheNusseltnumbercorrespondingtothelowesttemperature
loading(AT= 67°C and AT/Ts= 0.22)wastakenasa standardfromwhich
deviationsatthehighertemperatureloadi~scouldbebased.

If Nuq denotesNusseltnumbermeasuredatthelowesttemperature

loading,end N~n denotestbt at anytemperatureloading,the‘ratio —

$
NUN Nu~l will.showtheeffectoftemperat~elo@ing. Whenthese

ratiosareplottedag+st Machnumberwithdensityand AT/Ts asparam-
eters,variationsoftheratiowithMachnmber,density,and AT/Ts
tillbe shown,aSinfigure21.

ThfSfig~eindicatesthatatthelowerMachn~berstheNusselt
numbersmaybe greaterorlessthanorequaltothatatthelowesttemp- ‘/

eratureloading,dependingupon M, p,and AT/Ts.
.

Itfurthershows,
ingeneral,that,as M increases,a decreasein Nu~n Uml restits

r t
upto M = 1.0. Themaximumeffectoftemperatureloadingalwaysoccurs -
at M = 1.0,buttheexactvalueissomewhatindekmminate.Forvelues
of M greaterthanunity,theMachnumbepeffecttendsto disappear,but
variationswithdensityatidAT/Ts persist.

2A crossplotoffigure21, with Nu. Uml asa functionof

ATn/I’s,is showninfi~e 22 fortwodifferentdensities.Theseplots
sh& thatatthelowerMachnumberseitheranincreasingordecreasing
heatlossmayresult,dependingupon AT/T8,density,and M;henceno
generalstatementmaybemadedescribingtheexacteffectoftemperature
loading.At thehigherMachnumbers(M> 0.4)imcreasedtemperature
loadingingeneralresultsina lowerNusseltnumberatanairdensity
approximatingthatof a standardatmosphere(p= 0.0012grsmpercubic
centimeter),buthereagaintherateofdecreaseis dependentupon M, .
p,and @Ts. Theheatlossmayevenincreasewithtemperatureloading . –
atthisMachnumberwhendensitiesarehigherthanthoseshowninthe
figure.Ingeneral,itmaybe saidthatthedepartureoftheNusselt . - .

“
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numberratiofromtity islessforthehigherdensitiesthanforthe
lower;thatis,asthedensityincreases,temperatureloadinghasless
effectonNusseltnumber.No systematicinvestigationofeffectof
wiredismeterwasmadeinthisconnection,butinfigure22thetrend
withdiameterappears.tobe similsrtothatofdensity,indicatinga
d/A dependence.Itispointedout,however,thatthesecond-orderresis-
tivitycoefficientp entersintotheseNusseltmmiberratios.Any
deviationof ~ fromthemeasured,valuesusedin.theheat-losscogluta-
tionswillalterthevaluesoftheNusseltnumberratiosandmaycause
sufficientdispersionfromwiretowiretomaskdifferencesattributable
to diameter.

Practicalaspectsoftemperatureloading.-Becausethetemperature-
loadingeffectislargeunder_ conditions,ithasan importantbearing
onhot-wireapplications.~ themeasurementoffluctuationsthecircuit
isusuallyarraugedtomaintainconstantcurrent,andthewiretemperature
variesas theheatlossfluctuates.Therearesystems,knownasconstant-
temperaturesystems,inwhicha nearlyconstantwiretemperatureismain-
tainedby electronicregulationof thecurrent,butthesehavesofar
foundlittleapplicationathighspeedsbecauseoftheirrelativelyhigh
noiselevel.Thetemperature-loadingeffectcomesintoplayin different
waysinthesetwomethodsofoperation.

Figures23,24,and25werepreparedto illustratethedifferent
Nusseltnmber variations,withconstanttemperatureontheonehandand
withconstantcurrentontheother.TheNusseltnumberN% ishere
simplytheobservedheatlosswithoutendcorrectionsdividedby fiU@T,
where ~ isa constantthermalconductivity,selectedarbitrarilyat
0°c. Similsrly,Reo infigure25 isa Reynoldsnmiberbasedonthe
viscosityat0°Co Accordingly,figures23and24maybe regsrdedas
ordinsry-calibrationcurves,-in-one-casefordensity
othercaseforMachnmber varying.

Ztwi12be seeninfigure23 thatthechsracter
a constanti ismarkedlyd3.fferentfromthatfora
thatthisdifferencedependsontheMachnmber. As

a andinthe

ofthecurvesfor
constantm and
wouldbe expected,

thedifferencesareverysignificantwhentheMachnuniberishigh. It-
isobviouslynotpermissibleto carryoverintohigh-speedworktheprac-
ticesometimesfollowedatlowspeeds,nsmely,calibratingat constant
AT andthenmaintainingconstantcurrentinfluctuationmeasurements.
W short,thewiremwt be calibratedundertheconditionsatwhichit
will& used.Theeffectisnotsostrikinginfigure24,butthesane
armnt applies.

&
Oneoftheimport-tfeaturesof constant-currentoperationshown

infigure23 istheextremesensitivityto densityatthehigherMach
. mmhers. Itwillbe seenthatcurvessuchaE d and e becomevery
. steepincertainrsnges,dependingonthecurrent,density,andMach
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nuniber.Theregionofsteepnessoccursat differenttemperatureloadings -
mder differentconditions.Whenthisconditionismetduringoperation, -
itappearsasa nearinstability.Theobserverhasdifficultyi.ntaking
readings,andhisfirstreactionisthatscxaethinghaagonewrongwith
theequipment.Infact,thiseffeetwasencounteredinscuneoftheearly -
workin1946and1947when,duringadjustmentsoftheheatingcurrent,a
slightincreaseinthecurrentwouldsometimesthrowthetemperatureout
ofboundsandburnoutthewire.

A cmparisonoffigures23 and24willshowthatthisextremechar-
acteristicdoesnotcsrryovertoMachnuniberdependence.Thesensitivity
toMachnumber(orvelocity)fluctuationsisdifferentfora constanti
fromthatfora constant&T,butthedifferencesarenotnearlysomarked
astheyarefordensityfluctuations.Figure24 showsthatthelooping
over,whichgivesrisetotriple-valuedNusseltnumbersanda regionof
insensitivity,isaccentuatedintheconstant-currentcurves.

—

Figure25 isa diagrsmofNusseltnumberagainstReynoldsnumberin
whichbothconstantAT andconstanti curveshavebeenplaced.Again
thecharacteristiceffectsjustdiscussedwilJbe noted.Theloopinthe
heavysolidlinesfor p andconstanti andthediscontinuitysround
M = 1 areagainverypronounced,particularlyatthelowervaluesof d/A.

TESTRESULTSWITHSWEFJ2WIRES

w

Probeswithsingleslantwiresorwithtwowiresarrangedinthe ●

formofan “X”havebeeningeneraluseatlowspeedsformeasuring
shearingstressesad cross-stresmvelocityfluctuations.Sinceit is J
obviouslydesirabletoextendsuchapplicationstohighspeeds,the .
characteristicsoftheinclinedwiremustbe known.Investigationswere
thereforeconductedwithsingle-wireprobeswiththewireatvarious
anglestothestream.Aswasthecasewiththenormalwires,datawere
takenatseveraldifferenttemperatureloadingsandtheplottedcurves
representtheobserveddataat a constanttemperatureloading,A!l!/Ts= 0.22.
Temperature-loadingeffeetwasfoundtobe similartothatfornormalwires.

Inthelow-speedrange,wheretheckuteristicsof slantedwiresare
known,theheatlossdependsonthenormalcomponent-’oftheflowforangles
rangingfrom90°toabout20°(ref.8). Onequestionthatnaturally
arisesiswhetherthesamedependenceextendsintothehigh-speedrange.
Anotherquestionconcernsshock-waveeffects,bothfromthewavecreated

—

by theleadhgsupportprongandfromthewavecreatedby thewireitself. —

WhentheMachanglecorrespondstothe@.e of thewire,thewirelies
intheshockwavecreatedby theleadingprobetip. Forlowersupersonic “..““
speedsthewireliesbehindthewave,andforhigherspeedsitliesahead.,-
Furthermore,the~lowIseffectivelysubsonicwhentheMachangleis- = -

.
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. greaterthantheangleof
cidenceofthewireangle
criticalcondition.

thewire
andMach

sndsupersonicwhenit isless.
anglewouldthereforeappearto

2’7

coin-
be a

. A comparisonofthedatafora singlesweptwirebasedonvsrious
assumedconditionsforthesmbientairis sha& infigure26. TMS fig-
ureis similartofigure17fora normalwireinthattheidentical
assumptionsweremadeconcerningthetemperatureoftheairsurrounding
thewirefortheevaluationoftheconductivityandviscosityfactors.
By a comparisonofthefourplotsoffigure26 it isagainseenthatthe
bestcorrelationof thesupersonicdataresultswhenthesnibientairis
assumedata temperaturemidwaybetweenthatofthefreestresmandthat
behindthenormalshockinducedby thewire(fig.26(d}). Inthiscase
theshockstrengthwascomputedfromthenormalcomponentoftheMach
number.ThedottedlinerepresentstheMachnumberforwhichtheMach
angleisequalto themeasuredangleofthewire. Thisrepresentsthe
dividinglinebetweensubsonicsndsupersonicflowofthecomponentof
velocitynormaltothewire. Itistobe notedthatno shockwavewill.
be inducedby a sweptwireuntiltheMachangleof theflowislessthan
the@e ofthewire.

A comparisonoffigures26 and17 showsa markedsimilaritybetween
theminboththesubsonicandthesupersonicregions,exceptforthe
regionof figure26which~es betweensonicfree-streamvelocityand
sonicnormalcomponentof-flowto thewire. Thisrsngeintheswept-
wiredatais a regionof comparativeinsensitivity.

d
. Itwillbe notedthatthevaluesoftheNusseltnumberandtheshapes

ofthecurvesin thisinsensitiveregionaredependentupontheconditions
L assmnedforthesmbientair. ~ figure26(c)withtheairtemperatur=-

assumedatstagnation,a decreasingNusseltnwber is indicatedbetween
free-streamvelocitiescorrespcmlhgto M = 0.9 and1.4,thehigherof
whichcorrespondstaMachnuniberunityforthecomponentperpendicular
tothewire. After M sin(3 isincreasedaboveunity(freestream
M = 1.40)an increasingheatlosswithincreasingfree-stresmMachnmnber
occurs● Thesephenomenaindicatethatthewireis insensitivetovelocity
orMachnumberchangesnearan M sine ofunity.

Ontheotherhand,iffree-streamconditionsareassumedforeval-
uatingthepropertiesof thea?rbtentairinthisMachnumberrsnge
(fig.26(d)),thisinsensitivitytoMachnmiberorvelocityoccursnear
a free-streamMachnmher of 1.25,sadtheregionof insensitivityis
reducedgreatly.Theshiftinthepointofinsensitivitymaybe of assist-
ancein a turbulencemeasurementinthatitwilltellwhetherornot
fluctuationsinsirpropertiesarepresent.. If,forexample,thesignal
disappearsat M = 1.4,onlyvelocityfluctuationsarepresent.If,on.
theotherhand,thesignsldisappearsat M = 1.25,Wch numberfluctua-

. tionsarepresental-o~withtheaccaqxmyingchangesintemperature
. whichinfluencethepropertiesoftheair.
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To testwhethertheheatlossesfromsweptwiresaredeterminedby “
thecomponentofvelocity(orMachnumber)perpendiculartothewire .
overanygreatrsmgeof speeds,severalsweptwiresweretestedandcom-
paredwitha normalwire. Pertinentres~tsareshowninfigure27. .

.

A directcomparisonofperfonuance of thevariouswireswasdifficult
becauseoftheinherentvsriationamongtheseverslsamples..Tomakea ““__~
directcomparison,withsampledispersion-pnoved,theNusseltnumbersof
eachoftheswept-wiresamplesweremultipliedby a fac~r tobringthem “
intoagreementwithnormal-wireda$ainthesubsonicrangebelowa Mach
nmber of0.6. Itwillbe seenfromthefactorslistedinthefigure
thattheai@stmentsdonotexceed5 percent.

Fromthisfigureitcm be seenthatthesensitivitytodensityis
independentofwireanglesandthat,asthevelocitychsnges,identicsl
correlationexistsatthehighersuperso~cspeeds.Intherangeof.
speedsbetweenthatatwhichtheMachnumberofnormalflowtothewire

.- —

andthatatwhichthefree-streamMachnumberareunitytheheatloss
is somewhatindeterminate,andthecurvesshowa regionrelativelyinsen-
sitivetoMachnumber,orvelocity,changes.

Itistobe notedthatthesecurvesarebasedonfree-streamtempera-
turesforvaluesof M sine lessthanunityandontheaveragetempera-
turemidwaybetweenthosetemperaturesbehinda normalshockandthoseof
thefreestreamfor M sin6 greaterthanunity.No suchcorrelation
exists,exceptat thelowestspeeds,ifanyothertemperaturesareassumed
fortheambientair,suchas stagnation,freestresm,orthecomputed t“
conditionbehinda normalshock.Itisfeltthatthecharacterofthe .
indeterminateregionshownonthecurvesmaybe causedby differences
intheshapesofthewind-loadedwires,theeffectoftheshockwaves 4
createdby theholder,andothermechanicalfactorsdifficultto control. -

Inanattempttofindsomecorrelationbetweentheheat-losscharac-
teristicsandthepositionsoftheshockwavefromtheholder,schlieren
photographsweretakenofonessmple.Th@ seriesofpicturesis shown
infigure28. This istheidenticalwireandholderforwhichthedata
areshowninfigures26 -d 27.

Whenthiswirewasapplied,itappe~edtautwhennotloaded.The
photographshowsthatwhenunderwindloading,thewireisnotstraight ~
buthasa definitecurvaturecausedby thewind,withtheresultthatthe
componentofvelocitynormalto thewirevariesthroughoutitslength.
Thisconditionwouldexistevenifthewirewereappliedwithinitial
tension.Theshapeof thewireneartheshortneedleis suchthatit is
nearlynormaltothestream,whereasnearthelongerneedlethewire .
approachesa directionparallelwiththeflow. Thesephotographsshow

.

thattheshapeofthewireissuchthatforthisrangeofMachnumbers
*

italwayslieswithintheshockconecreatedby thelongerneedle.The ‘ ‘-
.
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regionof insensitivityandpointsofinflectionshownon thecurvesof
figure26caunotbe associatedwiththepositionofthisshockconerela-
tivetothewire. At higherMachnmrherswheretheshockwavemustpass
overthewire,no irregularityinthedataisindicated.Testson a
singlewireattachedwellbackfromthetipofbotha sharpandblunted
longneedleshowedonlya differenceinlevelofNusseltnmber above
-free-stresmsonicspeed.

Wirecalibrationsovera rangeoftemperatureloadingsindicated
thessmetypeofperformanceaswasshownby thenomnslwiresprovided
thattheeffectivevelocityonthewirewasassumedtobe thatofthe
componentofthefree-stresmvelocityperpendicularto thewire. Nusselt
numbersweregovernedby a combinationofMachnumber,density,andtem-
peratureloading,andthesensitivityto velocitysnddensityat constant
heatingcurrentdependeduponthetemperatureloadingtskenbythewire
attheconditionsof operation.

POSSIB~APPLICATIONSOF HOT-WIRES

Intheforegoingsectionsan attempthasbeenmadeto setforth
thebasiccharacteristicsofthehot-wire.Itisbelievedthattkd.skind
of informationformsthefoundationonwhichto constructtechniquesof
measurement.Witha knowledgeofwhatcanbe done,whatlimitations
exist,audhowtheresponseofthewirecanbe variedatwill,thetech-
niqueandprobeformmostlikelyto accomplishthedesiredmeasurement
csnbe selected.Oncethisselectionhasbeenmade,theprobemustbe
calibratedin termsofthevariablesconcerned.

At firstsighthot-wireperformancelooksforbiddinglyfomnitible
endcomplex.Thebehaviorof a hot-wiredefinitelyisnotsimple,but
theveryfactthatit showssomsmybehatiorpatternsisetidenceof
versatility.Itisalsotruethatturbulencephenomenathemselvesare
c~lexj hedcetheobservermustbewellinformedaboutthecapabilities

t andclearabouttheobjectivesofhismeasurements.ofhisinstrumen
Fortunatelythehot-wireexhibitsmostofitscmnplexitiesinthesub-
sonicregionwhereturbulencephenomenaarenotyetgreatlycomplicated
by compressibilityeffects.Thesupersonicperformanceisnotreducible ‘
toa singlecurveandisthereforenotso simpleas itwasoriginally
thoughttobe (ref.1)yet,isnotso complexasto excludethepossib~ty
ofapplyi~.themethodsofreference9. Inordertoapplyanyofthe
establishedmethodsaboveMachnumber0.2,thetemperatureloadingmust
notexceedsomethingintheneighborhoodof2CX1°C.

EIadditionto theordinaryusesofprobescontainingslsntingwires,
thesweptwireoffersthepossibilityofmovingsubsonicbehaviorinto
thesupersonicrange.Particularreferenceismadeto theutilityof
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the“deadspots”(regionsof zeroslope)whenitisdesiredtoeliminate “
a variable.Unfortunatelytheprospectofreachingmuchabovethelow
supersonicrage isdimbecauseofpracticall~t@io~.on the~cl@- ~ . ._
tionandstraightnessofthewire. However,it isfeltthatthepossibil- .-
itiesof sweptwireshavenotbeenfullycoveredinthisinvestigation.

.
—

Theauthorisfullycognizantofthefactthata readerinterested
in someparticularaspectofhot-wireperfo~ e maywishtousemethods
ofplottingnotfoundinthefiguresgivenhere.Forthisreasonsome
oftheresultsaresumnarizedintablesIIItoXIII. HereNusseltnum-
bers,withend-lobscorrectionsapplied,aregivenonthebasisoffree-
streamconditions.Sinceforpracticalapplicationsend-losscorrections
wouldnotordinarilybe applied,figure12 isincludedasan adjunctto
thetables,givingthecurvesoftheconversionfactorswhichwereapplied
tothemeasureddatato applytheend-losscorrections.Inorderto con-
vertthecorrectedNusseltnumberspresentedinthetablestothemeasured
valueswithoutend-losscorrectionsapplied,thetabulatedNum must
firstbemultipliedby thefactork/~, valuesofwhicharetabulated
intableXIV,to eliminatethevwiableconducti~ty~cludedinthecor-
rectedNusseltnumbers.ThisconvertsthetabulatedNusseltnumbersto
Nusseltnunibersforansmbientairtemperatureof0°C andthuselimi-
natesa functionofMachnumberwhichisnotincludedintheend-loss
correction.An applicationoftheNusseltnumberratiodeterminedfrom
figure12to thetabulatedNusseltnumbersyieldsvaluesasmeasured
withoutend-losscorrection.

u

CONCLUSIONS .

A

Thefollowingconclusionswerederivedfra an investigationof the -
heat-losscharacteristicsofhot-wiresmmometersatvariousdensities -.
intransonicandsupersonicflow:

1. ItwasfoundthatR3.ng’s3-SWdidnotcorrectlyexpresstherate
ofheatlossfromfinewiresunderanyconditionsofthepresentinvesti-
gation.Theconditionsofvalidityofthislawme approachedinthe ..
incompressible-flowrangeasthewirediameterandairdensityare -.
increased.Thegoverningparametersintheincompressiblerangeare
Reynoldsnumberand pd,oritsequivalent,d/A,where p istheden-
sity, d isthewiredismeter,and h isthemolecularmeanfreepath.

2. In thesubsonicrange,largedifferencesoccurintheresponse
tovelocityanddensity.Theparametersgoyerningthisbehaviorare

—

MachnumberM, d/A,andtemperaturediffe~nceAT. Finewires,in .
generslj.exhibitlow se~itivitytovelocity,againdependingon d/h —

and M.
.

.
.
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. 3.Inthesupersonicrange 1.2< M < 1.9,nearindependenceofMach
numbermaybe obtainedat a constanttemperatureloafingby evaluating
viscosityp andthethermalconductivityof air k at a temperature
midwaybetweenthatof freestreamandthatbehinda normalshock.No

● datawereobtainedaboveMachnunber1.9becauseoftunnellhitations.

4.Temperature-loadingeffectsinthecompressible-flowregion
becomeveryimportantaboveloadingsof200°to ~“ C andcauselarge
differencesbetweentheresponseofthewireforconstanttemperature
andforconstantcurrent.

5.On sweptwires,therateofheatlosswasfoundto dependon the
c~onent offlownormalto thewirefortheanglerangecoveredin the
investigation(90°~e> ~“ where Elistheanglemeasuredfrcmthe
stresmaxis).

6.Sweptwires(Q<gO”)donotexhibitsupersoniccharacteristics
untiltheMachangleislessthan e. WhentheMachangleexceeds13,
thewiresshowlittleorno sensitivitytovelocity,orMachnuiber,
change.

t
NationalBureauofStandards,

Washington,D. C.,February18,1954.

u

.
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TABLEI

TEMPERATURECOEFFICIENTSANDKESISTIWiTIFSOFWIRES

Resistivity
Dismeter, (handbookvalue),

Material b. a $ micro-ohms/cm3
at 20°C

Tungsten 0.000154.220x 10-3 7.299x 10-~ 5.5

Tungsten .0003 3.!344 7.510

Platinum .0003 3.808 -6.220 10.6

Platinlml .001523.769 -8.k05

Platinmwith .00005I.418 0 19.0
10percent
rhodim

P1.atinlmlwith .0001 1.596 -2.149
10percent
rhodium

Pktinm with .000151.544 -1.498
10percent
rhodium



--

Material

Tlmgsten
Tlm@en

Platinwn
Platinwl

Platlnwnwith
10percent
rhodium

Platimmwith
10percent
rhodium

Ple.timmwith
10percent
rhodiwn

Plathllmwith
10percent
rhodium

Platimmwith
10percent
rhodhm

Diameter,
in.

0.00015
.0033

.0CK)3

.CXL52

.c@oo5

.0X)05

.Ooo1

.mlb

.02015

TAFilxn

MAXIMUM WIND LOADING OFWllll?S

Len@h,
ml

2.82
2.66

2.82
9.I.2

2.72

.73

2.86

2.80

.68

temperatw’e,
Oc

374
4Q4

4966:26

397

34

539

694--W

534

‘“.
.e

, .

Maximum
1 V25P >

$@&

887
887

887-45o
781

7’P-

887

887

570-087

897

Tensile strength
(=~ok value)

230,000

18,000-22,000

47,CW

in.

Esm drawn

590,m

50,m-36,0wI

84,000
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TAELEIII
.

mEsEm mJMBERs~FoR nmumcEm Lcmffm!M?nnMluREOcm!mmm

10 PEROENTREDDILMWZIId=O.w IIW&Z=O.n~,
RO=~7.9_, AKD~~=308°K

(a)m =ti.~o”C3.AR=10.2olnls3fsc/T.=0.=;m~ =0.C9S737

.

~ atfn?e-sh density,
0.0004 0.00C6 0.0008

o:~xl 0.6946o.~1
.8144 .gwo

.7826 .961.O1.IL5

.92U 1.I.67 1.365

.9957 1.283 1.544
1.036 1.346 1.639
1.027 1.* 1.666
1.036 1.357 1.642
l.oq 1.478 1.716
1.240 1.548 1.855
1.442 1.828 2.*
1.655 2.I.09
1.813 2.378

n/cm3,of-
O.mo O.ax.i? 0.0024

l.~
1.508

o.ca6

0.835
1.022
L2yl
1.35
1.708
1.869
l.ml.
1.903
1.965
2.160

0.8927
1.088
1.3’p
1.713
Lglg
2.006
2.103
2.I28
2.205
2.4=

O.w
Jo
.20
.40
.6
.80

‘:E
1.05

I

0.923!5
1.25 1.@35
1.50 1.=4
Lfi 1.397
1.9 1.532

(b)m =185°C;AR= 30.95dms3N@B = 0.601;AI@ = 0.2624

111/clt13,+e-Stremn——
0.0006
O*-P%
.8205
.m
1.164
L273
1.330
1.339
1.333
1.408
1.539
l.~
2.m4
2.306

msity,

0.0Q38
0.8038
.9372
1.135
1.357
1.525
1.608
1.645
1.627
1.687
1.858
2.127

M
0.CM240.0002 0.0CQ3 0.0004

0.6263
.6783
.7m
.913
.*3O
1.020
1.039
Lou?
1.080

y;

1:767

O.CKU.O
0.8751
1.0+58
1.a~
l.m
1.~
L8y5
1.863
l.q%
1.942
2.081

0.0012
0.9$>9
1.127
1.X
1.726
1.932
2.037
2.082
2.091.
2.173
2.33

0.0016
1.270
1.561

0.05
.lo
.20
.40
.60
.80
.90
.95
1.05
La
1.y
l.~
1.90

o.@49
.9812
l.m
1.363
1.4a2

(c)m = 315s’c;AR= 52.64OhIIS;Arpu = 1.020;AR/&= O*W3

El& at free-stresmdensity,gnl/m3,CrP-
0.- 0.0010]0.0012Io.oo16M

0.0024

1.316
1.6M

o.om2 I 0.0003 0.0008“0.0Q06

0.7261
.8208
.9553
1.133
1.236
1.293
1.293
1.287
1.39
1.429
1.683
1.983
2.153

0.8239
.Bu.
1.L28
1.337
1.475
1.576
1.612
1.583
1.594
1.728
2.014

0“7933
l.o~
1.285
1.547
l.p
1.822

O.m
1.161.
1.412
1.720
1.g15
2.0343
2.055
2.056
2.094
2.203

O.qj
.10
.20
g

.&

.90

.95

R?
1.X
l.m
l.go

0.61.64
.6721
.76i4
.8795
.9437
.x76
.9491
.X@
.9955
KIM
1.=
1.577
1.65810.8303

.9132
1.0-(8
1.271
1.443

kg
1.857
2.023

I I
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~-48.61mm,Mm ~==X@K

(a)M!=66.8°C;~ =b.99~; KC/&-0.221jlqh”.O.loti

1“ /B& atfxe8-6treamdansity,gmcm3,of-

0.0020
1.758
2.296
3.@

M
0.0002 o.om3 o.c#4 O.col%I 0.00M O.oo1oI 0.001.2I o.oo16

T 1.014
1.224
1.54.4’
1.503
2.138
2.294.
2.298
2.%5

,
1.349 1.41J5 l.fm
1.737 1.842 2.073
2.185 2.383 2.689
2.822 3.69 3.~1
3,.263 3.59k 4.142
3.635 k.ola
3.m 4.148

k.230
::% 4.696
4.627’ 5.092

0.05
.10
.20
.40

:%

:E
1.5
1.25
l.p
l.n
l.gom 5.111I

—

m. atfrae-stl’eamaall.aity,gold,of -.,

0.CPJ20Iv== O.omo 0.00U2 0.0016

1.373 1.456 1.6k7
1.723 1.851 2.106
2.182 2.374 2.71-8
2.789 3.034
3.198 3.52k $:%
3.514 3.892
3.631
3.632 kg
4.026 4.423
4.4(X) 4.885

o.cc03I 0.0004 0.0006I 0.0008
0.05
.I.o
.20
.40
.60
.&l

O.ggzl
1.U
1.485
1.845
2.046

l.lc%
1.416
1.757
2.224
2.519

1.313
1.585
1.988
2.524
2.871
3.133
3.189

l.~
2.Y5
3.01.O

—

b

n
2.190
2.164
2.148
2.274
2A83
2.924
3.%4
3.761

2.797
2.825.XJ

.95
1.W
1.2s

u

.
3.205
3.494
3.870
4.W+2

1.884
2.067
2.399
2.844
3.122

1.848
2.150
2.561

1.50
1.i5
1.90

(C)M -~“ C;m =24.76ohm;@Ts -1J35;d% =o.3f@

I /~ atfree-streamitenaity,9 cm3,of-
IM

O.(MO2 0.0003 0.0004 o.cm6 O.oma

0.05 1.I.28 1.306
.10 1.545
.a) 1.893
.40 2.4%)
.60 2.826
.80 3.078
.90 3.115
.95 3.029
l.cyl 3.417
1.25 3.550

4.265

0.001.110.0012 O.mls 0.C020
1.B
1.742

1.4%
1.898
2.3gL
2.987
3.501
3.837
3.964
3.997
4.119
4.7o1

1.703
2.154
2.747
5.@2
4.071

1.861
2.373
3.039

l.no
1.883
2%

I
1.%9 ::g
2.171.

M.&?0.963

1.41.6
1.714
1.862
1.966

1.356
1.658
2.042
2.26-f
2.537
2.593
2.510
2.844

&

4.623

2.i82
2.739
3.183
3.472
3.541
3.498

3:1$

;:g:

2.099
2.296
2.764
3.249
3.469

1.!5
l.m
l.go

.

.
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. TABLEIV.- Concluded
.“

.
. NUSSELTNUMBERSN% FORINFINZEEIXIQNGPLATINUMWTREC~G

10PERCENTREODICJMWITH d = 0.00015INCH, 2 = 2.80~,

~ = 48.61OHMS,AND T~ = 303°K

(d) AT = 514°C;AR = 35.97o-j ATITS= 1.696;A#RO = o.@oo

M

0.05
.10

:E
.60
.80
●!W
●95
1.05
1.25
1.50
1.75
1.90

IN% atfree-stresmdensity,gm un3,of

0.0016

1.706
2.=8
2.662
3.356
3.861

0.00040.00060.CGQ80.00100.0002

1.723
I. 796
I.982

0.0003 0.0012 3.0020

1.867
‘2.346
2.975

0.91651.JILO
1.0601.313
1.246 1.564
1.472 1.878

1.272
L437
1.738
2.115

1.336
I.625
l.ggk
2.&51
2.783
3.076
(3.170
3.174
,3.222
3.632

1.472
1.829
2.270
2.826
3.238
3=533
3.681
3.Iz6
3.604
4.205

1.5a9 2.075
1.654 2.177
1.612 2.190
1.579 2.176
I.893 2.530
2.101 2.794

2=347
2.556
2.597
2.612
3.043
3.190
3.778

1.541
1.118
2.044
2.ho5
2.654L2.506 3.260

2.8973.641
3.0654.064

/(e)AT= 6@i0C;AR= 46.15ohs; AT T6 = 2.192;Aly& = 0.9494

I ~ atfree-streamdensity, /gm Cl& of -
M

0.0002 0.0003

0.05
.10
.20
.40
.60
.80

-
0.00040.00060.0008[0.0010 0.00160.00f?O0.CX)14

1

1.2911.347
I.418 1.608
1.6g41.965
2.0282.388
2.242 2.679
2.3902.906
2.M5 3.020
2.4483.174

I0.9201u26
1.0581.323

1.493
I.820
2.244
2.7@
3.130
3.386

1.742 1.914
;●l&4 ;.3&

3:317 “
1.24
1.417
L.561
1.582
1.555
1.539

1.550
1.841
2.017
2.SL2
2.116
2.105-a-l_.

.

●

✎
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TAst8v
.

.

102EC2t?125QUB1-d- O.OOCM122& 1=0.68 MIIUM=R,
20. u..c9cms, m %J.30PK .

●

✎

(,)M! . 64.PCjm -1.14-; AT/T,=0.=4+ -0J02%
~ atfree-streamdemity,

M
0.0Q32O.uw 0.0004o.mo6! 0.C2X18O.mlo! O.WL? o.cm6 0.W20

, h
O.m 1.24-4
1..1.o3 Ia.O
1..5g e.of--(

2.632
1.eq6 3.056
2.C67 3.372
2.096 3.%@
2.W
2.17%
2.5M ii%
2.9*
3.3@5.731

1.034
yj
2:$!3
2.392
!2.6$6

;$

3:723yQ&
.—.

(b) ~ - W Cj AR -3.37 CJRU;f+a-0.637)“+% -0.XB9
I

O.m
.ln I

1.1.k3
1.483
1.9M
2.432
;%
3.148
3.170
~;~

l.m
L729
2.21’r
2..92

l.m
I.m
2.316
3.2343.s52

1.646
Z.la
2.7?2
3.605

.23

.40

.60
:%
.951.03
1.!23
1.%
l.’nI.QO

$%J
4:Oia
L122
4.694

1.808
Xz
am
3.0%5 1 I I I I I ..J -.. . I I ~....{ ~.,_ 1

M
o.Ixo2 o.om3

0.05
Jo
.20
.ho
:~
.90
1:3 1.352
1.25 Z.m
1.30 2.466
Lm Z.*
1.90 2.&n

lm.atfree-streaidensity,
I I I I I I-

O.COM
W3-M
1.059
L3731.63
A
1.983
1.997
1.9s2
2.174
2.*
2.696
3.IA4
3A74

. 0.0C06o.c#9 O.mlo o.oo12o.w16 O.oza
1.OM l.1.ea-1.3U 1.X% 1.* 1.W
1.332 1.4s’81.634 1.*
1.%7 1.%13 2.066 :.4 ;g ;%
2.06s 2.405 2.331
2.539 2.719 3k5 .
2.331 2.93s
2.5p 3.037 ~:g ~g
=5@ 3.091

?% i%?
g

:;EJ

(.)m.335Pc;Isl.5.65dq+ .MJ.g,+ -0.%J9,
I

~..
#,Of.

O.wlo
ml-atfr9e-Btreamdemmito-,m .

M
0.20320.CCQ3o.moJ+o.cm6

o.y362l.m
l.om l.yx?
1.2-181.380
;g ;:g
1.W 2:350
l.’m 2.329

1.399 1.696
1.383 Ma ;:%
;:% :$

2.469 3.l% ?%

0.CM08
~w1.467
L@l
2.Z.O
2.4%
2.693
2.73.9
2.7”79
e.m
3.86?
%?6

0.0012
1.399 1.m
2.C03 2.a3
2.521 2.IYF7
3.M9 3.5=53.767

. .
.

0.Q5
Jo
,20
.43
.60
:%’
.95
1.03
1.23
1.30
lom
1.90

1.300
L3y5
l.gsl
2.393
2.83’7
3.aE3.L47
3:5
3.767

1.4U3
1.W
2.173
2.&9
3.214
3.453
3.6I.8
~g

(d)m -m“ q m -8.21comq+, -1.653,+ -0.7403

~ atfne-strnmderdtJ,P cJ,of-
M

0.- 0.C0330.0024O.Ox% O.u.ma
0.05 0.969.m 1SU6 %? x%

O.wloI o.ou12O.oco$O.m
MJ
3.446

1.MO
Lm
2.1o2
2.3@
2.8%
3.132
3.233
3.2a
3.269
3.m

1.613
1.*3
2.k59
3.0363.455

2.962
3.=

.

F

.

“
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.
.

.
.

.

-.

TA2LEVI

Ru25mrmmERs mlaF’oRmFmm!Em Lo17G!cum3mmm

m!m d -o.m~ mm, 1=2.82bmmmms,

R0=14.5101MS,m T.=5030K

(S)N!.64.YCjAR- 4.060mS3+, .0.2143AR/%.0.2798,

/I& at free-strezmdmaity,p cd,of-
H

o.0LN2 o.cxx130.0004 O.ax% O.cmxa O.oo1o O.cxm? 0.001.6

o.~ 0.W4 l.@ l.1~ 1.263 1.354
.I.o 1.1.1o 1.288 1.45L 1.593 1.74.6
.20 1.352 1.652
.40

l.m 2.C%2 2.253
l.~

.60
2.095 2.402 2.673 2.932

1.919
.&

2.3Ek3 2.778 3.100 3.439
2.072 2.626

.90
3.418

2.105 2.702
.95

;:% 3.6CCI R%
2.I.42 2.723 3.227 3.662 4.023

l.w 1.8G9 2.= 2.*
1.25 2.056 2A87 3.2LL ;:% $:% ::s
l.p 1.890 2.k~ 2.935 k.46g
l.m 2.@3 2.857 3.429 H%
l.go 2.394 3.U2 3.768 k834

(b)20!=lflCj AR= U!.X -j A$/!i!= . 0.647~& =0.8622

/~ atfree-streamdexmity,m m3,of-
M

o.m2 o.oc03 o.c004 o.occi6o.mo8 O.oo1o 0.oo12 O.am

O.w O.w U@ 1.176 1.280 1.391.
.I.o 1.q2 1.289
.2Q

~.kx 1.* 1.742
1.328

.40
l.lm 1J?A3 2.046 2.232

1.63 2.042
.*

2.348 2.607 2.869
1.853 2.318 2.712

.80
3.027

1.974
3.W

2.505 2.953
.90

3.337
1.993

3.6k9
2.571. 3.C63 3.k62 3.782

l.ggg 2’.579
1::

3:095
1.6s5

3.5=. 3.a3
2.033. 2.625

1.s
3.124

1.932 2.322 ?:?g m
1.X 1.74a Z.m t
l.m 2.026 2.676 ::% % ‘:%
1.s 2.2yl 2.927 3.53 4.383

(C) N? .334° C3fR-ZL.82the;L?@,=1.102;
4 ~ -1.504

I
& d free-streamd8aeity,m cd,of-

M
0.0(X)2I 0.0W3 0.00S4 O.ca% 0.QX)8 O.oo1o O.cml.f?0.001.6

0.Q5 ;.~7 yg 1.178 1.286 1.374
.I.o 1.w l.~ 1.718
.20 1:269 1:573 1.835 2.035 2.s

1.548 1.952
:i%

2.268 2.529 2.761
1.728 2.I.88

.80
2.57a 2.% 3.U!3

1.833 2.*5 2.789 3.163 3.498
1.830 2.385 2.85-f

:Z 1.8XL 2.376 2.877 %% ;:%
1.05 1.493 1.%9 2.4s 2.914 3.376 3.765
1.25 l.~ 2.151 . 3.407 3.%3 4.365
1.50 1.571 2.083 2.553
1.-(3 1.849 2.474
l.ga 2.028 2.7U?

;:g ;;g 3“=



M

o.~
Jo
.20

::
.&

:Z
1.05
1.25

TA.BIEm

m22EurEuMEmsmFoR nmQmEzf Km!ttlE-m

wrm d =0.0033mm, z.2.67km.mmmm,

~=3.349~,~T,=3@K

(a)AT=64.5”c;al-0.88OlmSjA!p.=o.213JAl@ =o.261

0.0302I 0.0003

T
1 ;:3

4.UO
H% 4.869
4.L51 5.333

0.CW4

Lao
1.541
1.969
2.5!%
2.893

;:%
3.186
3.447
p;

3:850
6.387

0.C?X6

1.424
1.830

3.I.88

4.U2
4.U2
4.476
5.346
6.232
g.3&
.

0.0CX28O.oo1o o.cQ12 o.CHn6 0.C020

Lygg 1.735 1.ML 2.U8 2.~
2.246 2.7M

2.722
3.517 ?.~ $:% k994 ;“%
4.119
4.602

3.UZL “ 6:254
5.693

;A&
4.934
5.=6 5:899 %%
6.261 6.773 ~.~o
7.W

(b)M!=20~C;AR=2.89ohm)~$CS=0.@2j+ =0.862
.—

I& a%free-streem density,dad, of-

0.0002 0.0003I o.cm4

i

1.236
1.546
1.952
2.491
2.797
2.9S
3.VJ.
3.=

2.953 3.236
3.406 4.o18

;.g
2:%
5.m 6:145

,

0.0006I 0.000aO.oo1oI O.oouI o.oo16I O.ooa

1A53 1.622 Z.m 1.936 2.I.89 2.41s
1.844 2.2sJ5 2.809

2.689 3.2Q2 4.020
3.017

2:%
3.842 4.948

::?3 2:1%
4.518 5.547

5*3M
;:% 4.649 y.= ~.yl!
4.258
5.041 2:Z 2:F7 7:J?
6.046 7.087
7.094
7.844

(C)AT=5~k0C3N1-5.35cLwJ;@!Pm-1.234;AR~ -l.%

I /&3,& -& atflme-BtmEnlL1.unsity,gnl
M I0.CO02I 0.0003 o.om4

o.= 1.246
.10 1.534
.20 l.glo
.40 2.%
.60 2.697
.& 2.822
.!X 2.860
.95 2.7&
1.05 2.722 2.995
L.* 3.175 3.673
l.~ 2.893 4.358
l.n 3.281 $:% -5.201
1.$KI3.558 4*W 5.735

O.om%I 0.0009I0.0010I o.cm2I o.ml.6I 0.0020

1.450 1.624 l.m 1.952 2.205 2.418
1.810 2.264 2.612

2.622 3.162 4.o13
2.894 3.357 3.732 4.054 4.734

3.862 4.~8
4.273

;:E
5.359

3.736
?:% 5.589

::$ yg ::% ::5

5.673 6.652
6.617
7.398

.
.

.
.

v

.

.
.

.
.
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mm

NusslmNuM2m2~FoR mFmITEmmNGPIAlmuMwne

WzrHd.o.om3nm, z=2.82mmmER8,

~ =5.63OHJB,MD Ts=503°K

(.)m =68.5”c;AR-1.43OlmSJAyT.=0.226$LiPh= o.29k

N% atfrea-atremudmai~, gm/&3,of-

#’l

.
.

O.C@+

1.W1
1.839
2.3%’
2.992
3.430

%!!
k.tiz
k.@@
5.491
6.386
6.94o

0.Cm6

1.708
2.I.69

0.0008O.wlo O.croz 0.0016 0.0024

1.879 2.lJm 2.244 2.442 2.988
2.670 3.163 3.801

3.148 3.690
k.m 4.E!a2
4.857

7.140
5.926

5.413 6.652
6.258
6.502

2:%
r.036

6.735 7.225
6.854 7.658
7.914

0.05
Jo
.2a

::
.80

4.8~
4.985
5.246

;:%
7.877
8.732

.93[ I

.55
1.05
1.25
1.50 13.5P

k.037
4.7’04
5.501
5.W.

Lb
1.90

(b)flfl!mooc;AR=k.11OMSjKrpn=0.658;AT@ =o.~

RI& atfrae-stmamdan.d~,Ewp, of-

O.ood 0.CUX6 o.om8 O.ml.o O.ool$!0.0CU6IO.ow!k
M

0.05
.10
.20

::

::
.95
1.q5
1.25
1.50
1.75
1.90

T0.0002 0.0003

1.752
2.185

1.939 2.14.4
2.712

3.147
k.037
k.~
5.281

6.264

2.294 2.526
3.2k0

3.722
4.793
5.&5
6.440

3.074
3.897

7.u8
.

6.s3
7.27s

.
.

5.679
5.966 %?
6.675 T.438
7.697

7.799
8.5@

& at fraa-stremndenaitY,@*,
I

r-

0.0CU2 o.oo16 0.0024

2.360 2.620 3.184
3.314 3.9&

3.747
y; 7.100

6:3S

6.8xI
7.2L?.

hi

o.cy5
.lo

:g

:;
.95
1.05
L25
1.50
1.7’3
1.90

0.0004I O.CFX%T0.0C08O.oo1o2.o18 2.205
2.763

3.143
3.970
4.5&3
5.132

6.01.o
5.429 6.173
5.7’786.552
6.525 7.2&
7.4991%81. 1 1.-&2

l.. 2.201
2.281
2.808
3.177
3.454
3.559 4.536

4.588
W 5.036
4.41_6 5.538
5.lm 6.562
6.148 7.574
6.573 8.220J-3.21.63.6xI

3.336 :.37$

3:?% 5:J@l

m

.

a

.
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TABLEVIII.- Concluded
.

.,

.
.

NUSSELTNUMKERSw FORINFINITELYLONGPLATINUM

WITH d =0.0003mm, z= 2.82?mmmcms,

R. = 5.63OEMS,AND T~ = 303°K
—

(d)AT = k70” C; AR = 9.27o-; m/T~=1.551;m~o =1.647

I NM at free-streamdensity, /W cn13,of -
M

0.0002

0.05
.10
.20
.40
.60
.80
.90
.95

1.05
1.25
1.% 3.o11.
1.75 3.744
1.903.881

0●00080.Oolc0.0012o.cm60.00240.00040.00060.0003

1.540
1.835
2.242
2.732
3.041
3.328
;.3$

3:623
4.030
4.728
5.637
6.075

I.815
2.212

2.053 2.240
2.782

2.3982.671
3●355

3●751
4.711
5.51.1
6.178

3.252
4.o38

7.007
3.130
3.917
4.482
4.939

5●818
6.m4
6.233
6.892

4.278
4.335
;.5$1

6:068
7.044
7.779

6.600
6.901
7*5n

5.191
5.421
6.148

2.9I.2
3.336
3.938
4.578
50021.

.
.

J-7.175
*

u

(e)AT= 596°C;AR.11.47ohms; N#C~ = 1.968;AT#o=2.038

M
Fo.“0002

I& at free-stream I.ensity,gin/c

+

0.00080.00IC

2.0822.27I3
2.791

n3,of-

T0.00030.00041.545
1.848
2.213
2.693
2.970
3.222
3.265

0.000( 0.001210.00160.0024

0.05
.10
.20
.40
.60
.&l
.90
●95
1.05

1.833
2.212

2.4$ 2.704
3.394

3.767
4.689
5.363
5.966

5.2’j’l
4.098

3.119
3.873
4.387
4.804

4.146
4.205
4.bo

5.622 .

.5.036
~.mI3.2373●391 I .

.,
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TAELEIX

ImEsm! mM2mE lR&mR mEmmEtx ImGPLhTnmKwmE.
. mm d = 0.00152 ItKq 1 = 9.12KUmmERg,

~=o.lmom,m TB.3030K

(u)AT= 68p C3~ = 0.20101m3B/T~= 0.2253M@ = 0.248

& atfmedrh’eemde?lstti,Em/&P,w?-
M

0.0002 0.W03 O.@ 0.MX36 0.0008 0.oo1.o 0.oo12 0.0016

0.05 2b~3 2.855 3.202 3.738 ;.~
.10 3.2& 3.635 z:g
.29
.la 4.185 5.805 7.283 “

.60
5.6% 8.132
;.7$7

9.830

.80 4?
9.5 XL.67
ID. =.67

.9 7:620 Q.*

.95
12.2=1

7*@9
1.05 8.142

8.4$x)
;:Z
l.~ ‘Hz

10.64
12.52

l.go 9.731 13.58

6.983
ll!.qn

2:?
Il.&

g.fi6 IL35
1.L4L 13.05
~.ol 14.98
15.50
IJ5.67

13.6!2
ti.62

14.15

1 , I t # I I 1 I.

M

O.op
.10
.20
.4Q
.60
.80
.90
.95
1.q3
1.25

0.oo1o 0.MU20.0002 0.0C63 0.00CA[ o.mo6 0.0008 0.OCO.6
4.1%
5.774

. 2.814 2.939
3.349 3.728
4.173
5.41’2
6.512
7.M3

9.329
;:% 9.3%
7.975 9.830
8.419 IL%
1o.78 15.27
ULz 15.66
13.69 I_6.%

3.282

5.766

;:%
10.54

ILIJ.
XL.55
13.08
U.17

3.476
4.583

3.aL4

7.202
9.937
u.65
u2.78

.
.

12.20
12.3g
X2.91
L4.78

7.100

;:%
10*57
IL51m

(c)AT= 3s” C;M = 0.9240he3fS/T~= 1.093;+% =1.1*
1

~ at free-streamd.ensi~,gUL/kIa3,of-
M

0.0002 o.mo3 O.ocd o.mo6 Q.0008 0.00L0 0.0Q12 o.oo16

O.* 2.828 2.986
.10

3.336
3.362 3..717

3.824 pg
z:%

.20 k.170

.40
5.657 7.- “

.6a
5.435
6.z27

7.922. 9.745

.80
9.286 =.58

-f.m 10.30 13.03
7.264 9.154 L2.06

:%’ 7.561 9.255 logo =.24
6.845 7.533 9.71L ~.$ 12.84 14.05

kg ~.k’g 8.174 =.03 14.53
l.p 7.1.20 XL* 13.02

8.419
14:$

l.~ 9:@35 IJ2.13 15.38
l.go 9.180 SL.IJ. 13.45 16.63

*
.

●
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mm?x

nu2xurluM2EP8~Km ~ILm3PummnIe30r2mlmm lomRmFr

2mml?um?26.0.cKxn5nIi%AuAuumo?*.rP,1.3.401mmmmE,

G-39.650E=,Mc0T~-3@K

(e)d!-68p CJ m - &12 Olma; AT/T= - 0.222J &l/% - O.lw

.
.

0.0303

Ltrme-lpnsm demity,m

o.mcK I O.oa!a

cu.
O.ccm I o.ca2 O.ca

1.363
2.076

lx O.cmk

I 0.05
.lo

o..s’@,l
l.cd
1.2y2

g?

1.461
2.K13
2.032
1.*
1.973
2.0s
2.W
2.2QB
2.*
e.z6
W549
2.ed+
2.$75

1.*
1.57g
2.047
2.6h3
3.053

;:%

3.* ;:%

3.?.06
3.s 3.6k9

3.%
3.627 i!%
3.&6L

.20

.ho

.60
g
1.W
1.I.O
1.2Q
1.23
%
1.30
1.60
1.IU
1.00
1.90

LTLO
1.6’I3
1.65A
1.6%

—. --
(b)AT-2Cd’C;AR-18.lldmIS;fil@-0.6 J &b =0.936

I M
Ku ar -

o.m3 o.c#k O.wlo I O.umI
0.05
Jo
.20
A
.60
al
.s’0
l%
1.I.O
l.m
La

%
1.50
1.60

0.9047
LO*
1.=2
1.%6

L%
1.9%2
1.97-7
2.010

I

1.650
1.632
1.607
1.643
1.691
l.mo
l.gu
2.0%
2.14a
2.278
2.410 J

(0) M! = 3k@ OJ AR = 30.39 ebj d@a - l.~J +. O.ti

.
.l.gly

1.s27
1.997
2.037
2.l@
2.3ui
2.484
2.398
2.748
E.siQgLLP

l.m
1.90

~ & fres-stmm dmia:tg, 2#d, Of-
0.0C04 O.acfi 0.00J6 O.oo1o ! O.mu?

o.29* 1.034 L&
L.012 1.40S
d ;%&
1.20 I.m

alp
1.623 2A33
1.7’42 2k6b 2.699

;% y?j
2. &
2.2J

;:& 2.583 2.e61

l.m ::% 2*
g

i% :2J
2.X3 3:39a

xi
3.033. 3.6#
5.=7

2,972 3.3s9
2.7-CL 5.656

O.wa0.0333
Lm
2.247

0.0s
.10
.23
.40
.ra
.&
.90
l:g
1.3.0

*

.
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.

F

.
.

,-
Ir&atfl-ee.~ dsnsitr.mL_M O.ocd O.oms ‘ O.aoa

Cwm% I.w
1.122 1.*
1.4X? l.m
l.&Q 2.*
~.m 2.&3
2.290 2.*

xi? w
2.9.3 2.*
2.549
2.55 ?:%2.618
::%! ;%2A% 3.398

3.s54
%%$
3.331.

O.cao ~ o.oo12 I o.cm6 0.CV2+

0.7?62 1.033

L1.*
l.@
l.p

:%
Z.&x
La93
1.*
Z.om
2.1*
2.

1.=
l.g&f
2.604

.i%l
1.B
I.}&
yg

1:8s’2
1.g25
2.CO.5
1.s86
2.019
2.073

;:%2
2.25
2.

+2. n

xL
.2Q
.40
.60
:%
1:%
-1.10
Lm
La

x
1.X
1.60

::Z
1.W

r— ,-

1

0.002+

1.-
2489
2.770

XlbWtfrae+tmm ClmMitr.C?L,&#.of .

‘t=7-nzR 0.0005 I O.ama O.mlo O.cxm?

l.in 1.=
1.5m
2.ozl
2.379
2.552
3.352
3.512
3.611

p& 3.6TI
~.gg

3:&3 .

;:T5
3.707

O.ma

o:Ag

Lag
1.303w
l.glo
1.933
1.%38
1.*
l.m
2.Ix7
2.029
2.*
2.I.1%
2.*
2.407
2.3L19
2.6T2

O.ti

O.S&l
1.1*
1A.%
L&
2.WC?
2.*
2.37a
Zmk
2.s
2.537
2.569
2.6o1
2.637
:g
3:127
;%$

.

(0)A!c-3429c;m-26.20a.M3K@, .l.H13&=o.m,-

x
o.cm2 o.m160.0303I 0.00J4 O.Cm%

o.*m
l.m
1.3gl
l.m
L.6
2.%
=49
2.279

O.cwa

l.@a

::%J
2:272
2.*
E.6n
2.699
2-W2.913
2.%2.*
3.02k
%%
3.= T

O.mlo o.00L2

l.mf 1.*
1.53a
l.gyf
2.k57
2.&a?
3.2C6

m
3.%6

%% 3.636
3.?39

;:%
3.5m
3.552

O.m?i

0.05
Jo

:E
.60
.Eo
.93
.95
1.W
1.1o
1.20
La

i%
l.p
lA%

O.m.9%?.9
. I.m

l.i%
l.hg
1.=
l.=
l.’m

;$.
l.m
1.84

A

. L 2.33d
*

.
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TABLEXII

NussfmcIioMmR2I&FOR ImRumLYmmmwIRE~Q 10PERCENT

RHDDIUMWITHd = 0.00015INCH,ANANGE3OF38.5°,Z=4.87-IKFlER6,
~= EW940EMS,AXD TB=X@OK.

(8)AT~ 68.1°C;LRu 8.w -J ~~TBs O.=j AF@ = 0.1026

.
.

.

I& atfree-streamdensity,gu+/m3,of-
M

1.W
1.1o
1.20
l.-
1.30
1.40
l.%
1.60
l.p
1.80
l.go

0.0032 0.0X6

2.629
2.642
2.692
2.703
2.740
2.*7
2.892
3.013
3.115
3.223

0.0012

;:g
.I0.00030.00041.741 2.LLO

1.787 2.099
l.ltk?2.m9
1.779 2.159
1.804 2.142
1.833 2.173

2.261
“::E :.3J~
2.015
2.065 2:4&3
2.174 2.590

o.cim9

5.042
3.072
3.148
3.175
3.191.
3.283
3.369
3.478

O.(xno O.CMIA 0.0024

3.5437
3.453
3.496
3.555
3.537

(b)AT=2@ C;AR= 2k.570-; AT/Te= 0.655jAR~ = 0.3036

/3~ atfree-streamdensity,gmcm,of-

30.0024
M

0.0002 0.00030.0004

J

O.oo1o

3.283
p:

3:4.&1
3.418

0.CCJ32

3.%4
3.622
3.689

0.00160.0006 0.0008

1;674 2.c03
1.676 1.970
1.6~ 1.982
1.67i 2.o18
1.677 2.002
l.-pg 2.036
1.762 2.11o
1.829 2.223
1.868 2.245
1.918 2.322
2.CG9 2.426

1.Q
1.10
1.20
1.=
l.~
1.40
%
1.70
1.80
1.$)0

2.WY
2.522
2.5%
2.569
2.56
2.651
2.722
2.833
2.928
3.037

2.$)35
2.964
3.015
3.033
3.058
3.=
3.z14
3.328

,
.

,
.I

(c)AT= 342°c;AR= 41.23.Olmls; A@. = 1.UJ A& = 0.5094

TM 0.0002

1.W
1.1o
1.23
1.25
1.9
1.40
l.% .
1.60
1.70
L8a
1.$X3

& at free-straam clenaity,

, 1 f

0.00030.CQ04 O.Cc@ 0.0008

I.603 1.948 2.4.49 2.@’4
1.609 1.907 2.45o 2.93
1.601 109U 2.467 2.952
1.605 1.948 2.kT’7 e.grm
1.6x L931 2.4% 2.9ELL
1.631 1.957 2.356 3.07KI
1.692 2.025 2.6ti 3.146
1.748 2.IJ.9 2.726 3.271
1.782 2.u2k 2.831
1.817 2.2U 2.941
1.891 2.310

0.oo16 0.00240.0010 0.001.2

3.=5
;.;$
.
3.374
3.3X

3.540
3.5*
3.672

.
.

●

✎
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9L42L2XUC

2u221mmf22FL21a+ FoR ~Lm?JPLA!muMhmcKmTmiTuG lo Pm7Ea!

~W d-0.00WmQGmmw#, z-5.07muJ2mEm,
~-83.28csw2,AQ~,-X’8”X

(d ~ -65.1°C,B -8.S4elms,A& =0.222,MI!IL-O.lQ%

.
.

.

m5,0r-
O.cm.h

1.449
1.sct3

K
o.cm3I o.cm4 O.cnx I O.aa o.oo16o.m22 O.ono o.@n2

0.0290
.9679
l.a
l.wa
1.jv3
1.%?2
1.%
2.o11

1.641 2.CW
1.658 2.032
l.m 2.co6
1.W 2.dlo
1.724 2.056
:$ ;%

2:26>
k%
2.*

O.m l.qsg
1.*5 L&
L451 1.645
1.a7 X$&’
2.I.23 2.4$
2.%3 Z.m
2.k63 2.&?a
2.508 2.*
2.52
2.524
2.333
2.5%
2.596

I l.aO.m
Jo
.m
.43
.&l
.0) L

1.5Tr
1.973
2.5m
2’.%7
3.Y=
3.W9

65%q’%!-W@%
L

(b)AT-2Y#C;M-a28&aq~/!Fn -

M
+ 0.UM2

m atfree-strum demitr,w

O.oo1o O.om?o.am3] O.* o.mc6 I O.CWA o.cm6 I O.CCA

TO.aw
.s441
l.lw
Lbu
1.626

Hz
1.838

1.45-s 1.863
1.307 1.a13
1.546 1.&5
1.*1 Lw
1.* 1.229
1.374 1X65
l.a 1.934
1.669 2.034
l.a 2.W7
~ml.m

o.9301 l.oho
l.1.z? 1.*3
1.3S+ 1.579
1.742 2.m3
1.W 2.300
2.m 2.577
2.299 2.&5a

2.TW
::%
2.34-6
2.352
2.Z6
2.439

L202
IA@
.2.k29
2.&3

I 1.W
L*

O.m
.10
.m
.40
Al
ml
.*
.991.W
1.1o
1.=
1.23
x
1.W
1.60

3.E-i
3.=

.
.

.

L
(c) m .542” CJ m -42.44 OkJs; A!@. - 1.=3 K@ - 0.%s4

2>0?.
m

o.C5
Jo
.m
.&
:2
.s0
.$5

1.C5
1.10
1.20
1.251.9
1.40
1.30
1.60
x
1.90

& at free-ntream density,@

O.oan o.m16 0.00Z4
1.529
1.983

O.adi O.cmd O.cma

O.eolk 0.9333 1.069
.9m l-m La-r
1.056 1.555 1.574
1.326 1.693
~.w 1.953 HJ
1.64X 2SZ
1.6gl 2.za 2:56L
1.722 2.2a 2.626
1.’IYI 2.122
1.645 2.m
1.64> 2.L?2
1.6.s4 2.510
1.664 2.m
1.6s9

yj

o.00G2 0.CW3 O.wu

1.231
1.*
1.5%
a3&
3.695
3.=55

1.323
1.*
1.553
1.357
1.392
1.440
1.444
1.493
l.%?l
1.56
La?

.
.

●
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TABLEX3x

THERMALCONDUCTMTYOFDRYAIRASA FUNCTIONOF M FOR T~ = 303°K

[ko =5.770x10-5 ca.1/cm/sec/%~

M

o.o~
.10
.20
.40
.60
.80
.90
●95
1.05
1.25‘
1.50
1.75
l.go

T’, ‘K

302.8
X&

293:6
282.6
268.6
260.8
256.T
2Mi.3
230.9
209.0
187.9
176.0,

/
k k.

1.096
1.095
1.089
1.066
1.031
.9847
.9588
●9450
.9166
.8PT4
:;@L$

.6635

.

.—

.

.

.
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Figure 5.- Schl.ierenphotographOf hot-wireprobein supersonicnozzle.
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k
Num

t+- 111111
Dc

.98
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>

.
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~c
-b &3015’+UNGST’EN
/0

.94 0003” TUNGSTEN

.92 ~,

/.90

.88 - — —
&9.k A b c Table#

/ V

r
36” 85.1202 342 X111

.86 8.1202 342 XII

.84

.00015”TUNGSTEN649 196334 VI
.82

/ .01i03”TUkiTEFi 845 20?374 Vll
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